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ABSTRACT 
The Escherichia coli mannitol permease (EnMtl) is a 68 kilodalton (kDa) 
membrane-bound protein that carries out phosphoenolpyruvate-dependent transport and 
phosphorylation of D-mannitol. This protein also catalyzes a phosphoexchange reaction 
between mannitol and mannitol-1-phosphate and acts as a chemotactic receptor for mannitol 
in this bacterium. The gene that encodes this protein, mtlA, has been cloned and 
sequenced. A structural model for the EIIMtl has been previously proposed based upon 
hydropathy analysis of the deduced amino acid sequence of mtlA, proteolysis studies, and 
'phoA fusion analysis. According to this model, the N-terminal domain (residues 1-334) is 
comprised of six or seven membrane-spanning alpha-helices and the C-terminal domain 
(residues 335-637), which contains two phosphorylation sites, is exposed to the 
cytoplasm. A series of mtlA deletion mutants was constructed for further analysis of 
structure/function relationships in the mannitol permease. In this study, several deletion 
mutants are selected for characterization of their mannitol binding activity, insertion/stability 
in the membrane, and oligomerization. The results showed that 
z) the N-tenninal, membrane-bound domain contains the mannitol binding site(s) 
lV 
it) the last two putative membrane-spanning regions of the N-terminus participate 
either directly or indirectly in mannitol binding 
iii) the extreme C-terminus of the membrane-bound domain is necessary for efficient 
insertion/stability in the membrane 
iv) oligomerization occurs via interactions between the membrane-bound domains of 
neighboring molecules. 
In an effort to identify residues that could specifically bind mannitol, several 
conserved hydrophilic residues within the last two putative membrane-spanning regions are 
selected for analysis by site-specific mutagenesis. Threonines at positions 279, 283, and 
285 and serines at positions 326 and 330 are each changed to alanine. None of these 
mutations cause any significant changes in the Ko for mannitol binding or in the KM or 
VMax values for mannitol transport or phosphoenolpyruvate-dependent phosphorylation of 
mannitol. Therefore, none of these residues is required for binding of mannitol. These 
residues may, however, participate in maintaining a hydrophilic environment within a pore 
through which mannitol enters the cell. 
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Cell membranes coordinate the flow of nutrients and ions with the cell's growth and 
metabolism. Because most hydrophilic molecules, including many nutrients, cannot 
penetrate the hydrophobic interior of cell membranes by simple diffusion, membrane 
transport mechanisms of varying complexity have evolved to solve this problem. 
The simplest protein-mediated membrane transport mechanism, facilitated 
diffusion, requires only a carrier protein in the cell membrane. As in simple diffusion, net 
transport is driven exclusively by the chemical concentration gradient and requires no 
metabolic energy or electrical gradient. The only well-studied facilitator in procaryotes, the 
glycerol facilitator in E.coli, allows glycerol uptake by facilitated diffusion (Hayashi and 
Lin, 1965) (Figure 1-la). In multicellular eucaryotic organisms, the extracellular 
concentration of glucose is generally maintained at a relatively high and constant level 
(about 5 mM in blood). For this reason, these organisms frequently employ facilitated 
diffusion transport systems. such as the human erythrocyte glucose per~ which has a 
KM of 1.5 mM for glucose (Mueclder et al., 1985). 
In contrast to many eucaryotic cells, procaryotes live in environments that may 
change rapidly and drastically in nutrient content and concentration. Therefore, these 
organisms. have evolved highly regulated. systems that can readily respond to these changes 
in order to maximize the.efficiency of nutrient acquisition. When nutrient .conc.entrations are 
low~ bacteria must be. able. to efficiently accumulate. a nutrient against its. concentration 
gradient (Figure 1-lb and c). This process of active transport consumes energy. 
Hydrolysis of the high energy gamma-phosphate bond of ATP provides the metabolic 
energy to support many so-called primary active transport systems. The periplasmic 
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Figure 1-1 Examples of transport mechanisms in bacteria: 
a: Facilitated diffusion by the glycerol facilitator in E. coli. Uptake of glycerol is driven 
solely by the concentration gradient of glycerol. 
b: Primary active transport by the histidine periplasmic binding protein system in E. coli. 
HisP is the periplasmic binding protein that captures histidine in the periplasmic space and 
delivers it to the membrane-bound histidine permease which consists of two different 
polypeptide chains (HisQ and HisM). The hydrolysis of the gamma phosphate of ATP by a 
membrane-bound protein exposed to the cytoplasm (HisJ) provides the energy to transport 
histidine across the cell membrane. 
c: Secondary active transport by lactose permease in E. coli. Lactose is cotransported with 
H+ as H+ flows down its concentration gradient across the cell membrane. This 















binding protein systems couple the energy of ATP hydrolysis to uptake of certain 
carbohydrates and amino acids. These multicomponent systems first capture their 
substrates in the periplasmic space by means of a high-affinity binding protein and then 
transfer them to the membrane-bound components. These components transport the 
substrate through the cytoplasmic membrane. ATP is required for the final release of the 
substrate into the cytoplasm (Ames, 1986) (Figure 1-lb). 
Chemiosmotic gradients generated by the cell provide the energy for so-called 
secondary active transport. An example of secondary active transport is proton symport of 
lactose in E. coli (Figure 1-lc). Protons are expelled from the cell during respiratory 
electron transport or by proton pumps fueled by the energy of ATP hydrolysis under 
anaerobic conditions. This produces an electrochemical gradient of H+ across the 
membrane (Mitchell, 1970). Secondary-active-transporters couple the concentrative uptake 
of their substrates to the flow of ions down their electrochemical gradient. Lactose uptake 
and H+ uptake are obligatorily coupled in a l: l stoichiometry via the membrane-bound 
lactose permease (LacY protein). Lactose can be accumulated against its concentration 
gradient by this coupling mechanism as long as an electrochemical potential ofH+ (inside 
negative) exists across the cell membrane (Foster, et al. 1982). This coupling, also known 
as symport, may in other cases employ other cations such as Na+. For example, glutamate 
and melibiose transporters in R coli are driven by an electrochemical gradient of Na+ 
(Hasan and Tsuchiya, 1977; Tsuchiya et al., 1977). In eucaryotes, the mitochondrial 
phosphate transport protein is believed to couple ff+ uptake to uptake of monobasic 
phosphate (Wohlrab, 1986), and in mammals, carbohydrate uptake is often harnessed to 
Na+ uptake as in the Na+-D-glucose cotransporter (Semenx.a et al., 1984; Crane, 1977). 
Another transport mechanism, group translocation, also may require metabolic 
energy to concentrate a solute in the cell, but in contrast to primary active transport, this 
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process couples modification of the solute to its transport across the cell membrane. The 
bacterial phosphoenolpyruvate(PEP)-dependent carbohydrate phosphotransferase system 
(PTS) couples the uptake of its carbohydrate substrates to their phosphorylation (for 
reviews, see (Postma et al., 1993; Meadow et al., 1990). The PTS was discovered by 
Roseman and coworkers (Kundig et al., 1964) when they described several bacterial 
proteins that coupled uptake and phosphorylation of certain carbohydrates in the presence 
of PEP (Figure 1-2). Because the PTS carries out uptake as well as the first step in 
glycolysis, it therefore creates a unique link between membrane transport and cell 
metabolism. The steps in this process are summariz.ed below : 
Enzyme I+ PEP <----> P-Enzyme I+ pyruvate 
P-Fnzyme I + HPr <--> P-HPr + Fnzyme I 
P-HPr + Enzyme II<----> P-Enzyme II+ HPr 
P-Fnzyme II+ carbohydrate(out) <--> carbohydrate-P(in) + Enzyme II 
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Figure 1-2 Components of the bacterial phosphoenolpyruvate: dependent 
phosphotransferase system. 
PEP donates phosphate to the non-carbohydrate-specific PTS component, EI. 
Phosphate is shuttled from EI to HPr, the carbohydrate-specific components, EID and/or 
Ell, and finally to the PTS carbohydrate substrate as it enters the cell via membrane-bound 







Some PTS carbohydrates require an additional sugar-specific, cytosolic component, 
originally called enzyme III (EIII), which accepts the phospho group from HPr. In these 
cases, EIII then transfers the phospho group to enzyme II (EII). Enzyme I (EI) and HPr are 
cytosolic general components of the PTS and are shared by most PTS carbohydrates 
(except for fructose in E. coli) while the Ell's (and EIII's, when involved) are 
carbohydrate-specific. The Enzyme II is the only membrane bound component of the PTS 
and it carries out the transport and carbohydrate phosphorylation activities. 
The structural genes for EI and HPr are designated ptsl and ptsH, respectively, and 
together with their promoter they comprise the pts operon (Cordaro and Roseman, 1972; 
Cordaro et al., 1974). Expression of the pts operon is semi-constitutive. The structural 
gene for EITI<it, err, has its own promoter and is adjacent to the pts operon (Cordaro et al., 
1974). Except for ETIIGk, the sugar-specific components, Ell (and other EIII's), are 
encoded together along with the corresponding peripheral catabolic enzymes in separate 
operons (Cordaro and Roseman 1972; Cordaro et al., 1974; Epstein et al., 1970; Russina 
and Gershonovitz, 1983). For example, mtU and mtlD, which together comprise the 
mannitol operon in£. coli, encode EIIMtl and mannitol-1-P dehydrogenase. Expression of 
these operons is inducible by the corresponding carbohydrate (Saier et al., 1976). 
The standard free energy of hydrolysis (AG0') of PEP is -14.8 kcal/mole as 
compared to -7.3 kcal/mole for ATP (Stryer, 1988). Since most primary active transport 
systems and kinases use ATP as a source of energy and phosphate, it seems that ATP 
could drive the PTS more efficiently than PEP. However, because this high phosphate 
transfer potential is preserved in each transfer step from PEP to EI, HPr, EIII and Ell, each 
step is therefore easily reversible (Weigel et al., 1982b). This reversibility creates a 
sensitive feedback system which allows any PJ'S substrate to alter the steady state level of 
phosphorylated to unphosphorylated PTS proteins which in tum modulates the activities of 
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other proteins including those of non-P'TS uptake systems (Stock et al., 1989; Osumi and 
Saier, 1982; Saier, 1989). The change in standard free energy of phosphate transfer from 
PEP to a P'TS carbohydrate is -11.4 kcaVmole. Since the high energy of the phosphate 
bond is preserved in each of the phosphoproteins from EI to Ell, it is possible that this 
large negative free energy drives a conformational change in the Ell as it transports and 
phosphorylates its substrate (Weigel et al., 1982b). 
Enzyme I 
ptsl genes encoding EI from Salnwnella typhimurium (Byrne et al., 1988; Nelson 
et al., 1984; LiCalsi et al., 1991), E. coli (Byrne et al., 1988; De Reuse and Danchin, 
1988; Saffen et al., 1987) and other organisms have been cloned and sequenced (for 
review, see Postma et al, 1993 and Meadow et al., 1990). EI has a subunit molecular 
weight of 58-85 k.Da and associates into homodimers in most species (Kukuruzinska et al., 
1982). A histidine residue on each subunit of the dimer comprises the phosphorylation site 
(Waygood, 1986). The N-3 position of His-189 is the phosphorylation site in E.coli EI 
(Weigel et al., 1982b). PEP and a divalent cation (Mg2+, co2+ or Mn2~ are required for 
autophosphorylation of the EI dimer (Weigel et al., 1982a). While phosphorylation of EI 
requires a divalent cation, transfer of the phosphate from EI to HPr proceeds in the 
presence of EDTA (Weigel et al., 1982a). Although this suggests that divalent cation may 
not be· required for transfer to HPr, Mg2+ may be tightly bound to or buried within EI. 
This remains to be determined. 
While Kukuruzinska et al. (1982, 1984) found evidence that phosphorylation 
causes dissociation of the EI dimer, others concluded that phosphorylation stabilizes the 
dimer (Waygood, 1986; Hoving et al., 1982). In either case, the monomer-dimer 
equilibrium appears to have functional significance. This equilibrium may create a target for 
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regulation of the PTS by factors that can affect EI subunit association. LiCalsi et al. ( 1991) 
identified two structural and functional domains of EI from S. typhimurium, EI-N (N-
terminus) and EI-C (C-terminus). Proteolysis and thermostability studies revealed that EI-C 
may be required for dimerization which in tum is required for autophosphorylation with 
PEP. EI-N, which is less highly conserved than EI-C between E coli and S. typhimurium, 
contains the phosphorylation site. EI-N exchanges phosphate with HPr in the absence of 
EI-C and therefore presumably as a monomer. These findings support earlier evidence 
from Kukuruzinska et al. (1982, 1984) that dimerization is necessary for recognition of and 
phospho exchange with PEP and thus suggest a possible target for regulation of PTS 
activity. 
The apparent standard free energy for hydrolysis of each phospho-intermediate of 
the PI'S was derived from the apparent equilibrium constants (Weigel et al., 1982b). These 
experiments demonstrated that the phosphate transfer potential of each phosphorylated PTS 
intermediate is about the same as that for PEP. Therefore, each step in the overall 
phosphotransfer reaction is easily reversible. EI-P can phosphorylate HPr to generate 
HPr-P or it can phosphorylate pyruvate to regenerate PEP. The KM for PEP ranges from 
0.2 - 0.6 mM for E coli and S. typhimurium El's and the KM for HPr ranges from 4 - 30 
µM (Weigel et al., 1982a; Waygood and Steeves, 1980). Mason et al. (1981) found that 
starved Streptococcus lactis cells display a high [PEP]/[pyruvate] and are therefore primed 
for PI'S uptake. When glucose is added, rapid uptake continues for 1.5 minutes and then 
reaches a plateau. Within the first 1.5 minutes after glucose is added to the growth medium, 
the pyruvate concentration rises while that of PEP drops to within the KM for EI, and the 
ratio of [EI~P] to [El] drops correspondingly. This ratio in turn affects the ratio of 
EII1Glc-p to EIIIGlc which coordinates the activities of PI'S and non-PI'S uptake systems 
(Stock et al., 1989; Osumi and Saier, 1982; Saier and Feucht, 1975). Therefore, the 
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intracellular [PEP]/[pyruvate] may regulate the PTS through its effect on EI (Weigel et al., 
1982b). 
HPr 
The phospho group on the N-3 position of His-189 of E coli EI is transferred to 
the N-1 position of His-15 of E coli HPr, a 9 kDa heat-stable protein (Anderson et al., 
1971; Weigel et al., 1982a, 1982b; Waygood et al., 1985; van Dijk et al., 1990). ptsH 
genes from several species have been sequenced and the regions around His-15 are highly 
conserved, although the sires of HPr's from different organisms vary considerably (6.7-15 
kDa) (Meadow et al., 1990; Postma et al., 1993). 
An ATP-dependent HPr-kinase and an HPr-phosphatase also have been discovered 
in several Gram positive species (Reirer et al., 1988; Deutscher and Saier, 1983; Deutscher 
et al., 1984, 1985). The kinase is peripherally membrane-bound and although it 
phosphorylates Ser-46 of HPr in Gram positive species, it is not present in E coli nor will 
it phosphorylate HPr from E coli although this protein has a corresponding serine residue. 
Deutscher et al. (1984) showed that P-Ser-HPr does not phosphorylate any Ell or EIII and 
that it is a poor substrate for phosphorylation at His by EI and PEP. In addition, P-Ser-HPr 
and P-His-HPr have different mobilities when subjected to polyacrylamide gel 
electrophoresis. Together, these results suggest that phosphorylation of Ser-HPr is a 
method of allosteric control of HPr activity. In Lactobacillus brevis and L buchneri, HPr is 
apparently the only PTS component expressed. The HPr kinase and phosphatase are also 
found in these two organisms suggesting a role for HPr other than carbohydrate uptake. 
EI~phosphate and the HPr kinase are highly specific for their respective substrates, His-15 
and Ser-46. Phosphorylation of one of these sites inhibits phosphorylation of the other. 
Pyruvate kinase, which controls the ratio [PEP]/[pyruvate], HPr kinase and HPr 
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phosphatase are all regulated by fructose-1,6-diphosphate and Pi indicating a mechanism 
for coordination of the glycolytic pathway and the PTS (Reizer et al., 1984, 1988; Lodge 
and Jacobson, 1988). When cells are starved, intracellular [PEP] is high and His-15 is 
phosphorylated by EI~P thereby priming the PIS for carbohydrate uptake. However, 
when a PIS carbohydrate is introduced, uptake and glycolysis proceeds depressing the 
[PEP]/[pyruvate ]. If fructose-1,6-diphosphate accumulates because uptake is faster than 
glycolysis, this high concentration of fructose-1,6-dipbosphate activates HPr kinase 
thereby inhibiting the PTS. This has been hypothesized to be a potential feedback 
mechanism, ensuring that the production of glycolytic intermediates does not greatly exceed 
the cell's capacity to utilize them (Deutscher and Saier, 1983; Deutscher et al. 1985; 
Jacobson et al., 1989; Lodge and Jacobson, 1988). 
Enzymes II and ill 
Enzymes II and m are the carbohydrate-specific proteins of the PTS. The Ell's are 
integral membrane proteins which couple transport of PIS carbohydrates across the inner 
membrane with their phosphorylation. Some Ell's accept phosphate directly from HPr 
while others require a phospho-EIII intermediate. These arrangements vary among species 
and among Ell's within a single species (Figure 1-3). For example, the mannitol PIS in S. 
camosus includes an EIIMff/Ea:IMd pair but there is only an EIIMd in R coli. Saier et al. 
(1988) compared the amino acid sequences of 8 of these Ell or EII-EIII systems. 
Alignment of these sequences revealed from about 35% - 50% homology. Lower levels of 
homology are believed to be due to extensive intragenic rearrangements. In 6 of the 8 Ell or 
EII-EIII systems, the molecular weight of Ell/Elli pairs is equal to that of the Elli-
independent Ell's within 2%. Complementation studies confirmed a model in which the C-
terminal region of the large enzymes II represents an Em-like functional domain which is 
phosphorylated by HPr (Vogler and Lengeler, 1988; Vogler et al., 1988). The enzymes III 
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and the most hydrophilic C-tenninal domain of the large enzymes II therefore represent 
homologous structural/functional domains and are now both designated EIIA (Saier and 
Reizer, 1990). A second hydrophilic domain containing a second phosphorylation site is 
designated EIIB and the membrane bound domain of Ell is designated EIIC.These domains 
may be fused into a single polypeptide as in Ell for mannitol (ETIMtl) in E. coli (Grisafi et 
al., 1989; Pas and Robillard, 1988) or they may be two or three separate polypeptides. 
When fused, these domains may be arranged in different orders (Figure 1-3). The Ell for 
mannitol (E11Mtl) in E. coli is a single protein designated EIICBA. The Ell for glucose 
(EIJGlc) consists of two polypeptides, EIICB and EIIA (formerly EIIIGk) (Lengeler et al., 
1990). To date, the only Ell which is known to have each of these domains as separate 
proteins is the Ell for cellobiose (Figure 1-3) (Parker and Hall, 1990a, 1990b; Reizer et al., 
1990). 
A variety of experimental approaches have shown that Ell comprising all three 
domains contains two phosphorylation sites. Pas et al. (1988) measured the stoichiometry 
of phosphorylation of EII.Mtl. Their results indicated two phosphate binding sites per ETIMfl. 
monomer. [32p] labeling of peptides generated from several Elrs and studies of the 
stereochemical courses of carbohydrate phosphorylation by the PJ'S with [(R)-16o, 170, 
18Q]PEP (chiral at phosphorus) support a model in which phosphate is shuttled from HPr 
to bin~ing site 1 on EIIA, then to binding site 2 on EIIB and finally to the PTS 
carbohydrate by way of EIIC (Pas and Robillard, 1988; &ni et al., 1989; Dorschug et al., 
1984; Begley et al., 1982; Mueller et al., 1990). A conformational change in the permease 
may then cataly:ze translocation of the carbohydrate to the cytoplasmic surface followed by 
phosphorylation. 
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Figure 1-3 Examples of the possible arrangements of the enzymes II. 
a: The EIJMtl in E. coli is a single polypeptide. Domain C is at the amino terminal end, 
domain A is at the carboxy terminal end, and domain B is in the middle. 
b: The Ell for sucrose (EIISCI) in Streptococcus mutans is also a single polypeptide. 
Domain B is at the amino terminal end, domain A is at the carboxy terminal end, and 
domain C is in the middle. 
c: The Ell for glucose (E11Glc) in E. coli consists of two nonidentical polypeptides. 
Domains B and C are fused into a single membrane-bound polypeptide. Domain A 
(formerly EIIJGlc) is separate soluble protein. 
d: The Ell for cellobiose (EIICel) consists of three separate polypeptides. Proteins A and B 
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Other Functions of the IYI'S 
The Glucose Effect 
l 6 
When cells are presented with a combination of some carbohydrates, exponential 
growth is observed. However, for certain other combinations of two different 
carbohydrates, a biphasic growth curve is observed. This phenomenon, called diauxie by 
Monod (1942), demonstrates that cells may prefer to utilize some nutrients over others. 
PTS carbohydrates are often called preferred or class-A-nutrients. Growth progresses 
• exponentially until the class A nutrient supply is exhausted. Then a lag phase follows while 
the necessary components for uptake and metabolism of a second, class B, nutrient are 
expressed. Finally exponential growth resumes as the class B nutrient is consumed. The 
PTS couples uptake and phosphorylation of a carbohydrate to use of only one ATP 
equivalent (in the form of PEP), thereby increasing the net yield of ATP in glycolysis 
compared to a mechanism requiring energy for separate uptake and phosphorylation steps. 
The PTS is therefore more efficient than other uptake systems, and this may explain why 
PTS carbohydrates are often preferred nutrients (Saier and Moczydlowski, 1977). 
Preferential use of PTS carbohydrates is mediated through EIIA Glc, the product of 
the err gene (Osumi and Saier, 1982; Nelson et al., 1983; Postma et al., 1984; Novotny et 
al., 1985; De Boer et al., 1986; Saffen et al., 1987; Misko et al., 1987; Postma et al., 
1988). Because phosphotransfer between each PTS component is a reversible reaction, the 
steady state level of phosphorylation of all PTS components, including EIIA Gt, is affected 
by uptake and phosphorylation of any PTS carbohydrate. When a PTS carbohydrate is 
undergoing uptake and phosphorylation by the PTS, the steady state level of 
phosphorylation of all PTS components is lowered. Changes in this equilibrium regulate 
the activity and the expression of other uptake systems (Stock et al., 1989; Osumi and 
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Saier, 1982; Saier and Feucht, 1975). This is accomplished by two mechanisms; inducer 
exclusion and catabolite repression. 
Inducer exclusion refers to the inhibition of activity of a class B uptake system 
mediated by a class A substrate (Postma and Lengeler, 1985). The inducer of the class B 
system may be the class B carbohydrate itself or a metabolic derivative. Activity inhibition 
by a class A substrate may result from competition between class A and class B substrates 
for the same transport system (Adler et al., 1973; Amaral and Kornberg, 1975; Lengeler 
and Lin, 1972), competition between class A and B EI.I's for a common intermediate such 
as P~HPr (Scholte and Postma, 1981), inhibition of a class B transport system by a 
metabolic derivative of the class A substrate (Kahae~ 1969) or by interaction between 
components of class A and class B transport systems (Nelson et al., 1983). Inducer 
exclusion by PTS carbohydrates occurs by the last mechanism. In inducer exclusion, 
ElIA Gk regulates the intracellular levels of inducers of non-PfS operons. 
Non-PfS uptake systems cannot be induced in tight ptsl mutants (inactive El). 
However, Castro et al. (1976) found that err mutants lacking EJIAGk suppressed this 
phenotype. This evidence supports a model in which unphosphorylated EIIA Gk; directly 
inhibits the activity of other uptake systems. This model was further supported by studies 
that showed purified EIIA Gk binds to and inhibits lactose permease while P~ EIIA Gt does 
not (Osumi and Saier, 1982; Nelson et al., 1983; Misko et al., 1987; Dills et al., 1982; 
Mitchell et al., 1982). Lactose permease is basally expressed at low levels in uninduced 
cells so that when the cell encounters lactose in the environment, it can be transported into 
the cell. Once in the cell, lactose induces transcription of the lac operon. However when a 
PfS sugar is being transported into the cell, the steady state level of phosphorylation of 
PTS components is low. Unphosphorylated EIIAGk directly inhibits lactose permease. 
activity, thus excluding the lac operon inducer, lactose (inducer exclusion). 
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The second mechanism of P'fS-mediated regulation, catabolite repression, involves 
the activation of adenylate cyclase which converts ATP to cAMP. Maximal expression of 
certain non-P'fS operons requires induction by binding of an inducer to a repressor protein 
(Gilbert and Muller-Hill, 1967; Jacob and Monod, 1961) or activation by an activator 
protein (Martin et al., 1986). In addition, transcription of these operons is stimulated by a 
cAMP-CAP (catabolite activator protein) complex (De Crombugghe and Paston, 1978). 
Although the reconstitution of P'fS-mediated inhibition of adenylate cyclase has been only 
partially successful, evidence has been accumulated by several groups that supports a 
model in which P~EIJAGlc binds to and activates adenylate cyclase (Saier and Feucht, 
1975; Nelson et al., 1982; Feucht and Saier, 1980; Liberman et al., 1986; den Blaauwen 
and Postma, 1985; Harwood and Peterkofsky, 1975; Harwood et al., 1976). When PTS 
carbohydrates are not undergoing uptake and phosphorylation, the steady state level of 
phosphorylation of PTS components, including EIJAGlc, is high. P~EIJAGlc activates 
adenylate cyclase thereby increasing the intracellular level of cAMP. cAMP forms a 
complex with CAP and cAMP-dependent transcription of operons such as the lac operon 
can proceed. Conversely, in the presence of PTS substrates, the steady state level of 
phosphorylation of EIIAGlc is low. There is insufficient P~EIIAGlc to activate adenylate 
cyclase and, in addition, free EIIA Glc may possibly inhibit its activity. 
Chemotaxis 
Motility is important for many organisms that live in nutritionally unstable 
environments. Chemotaxis is the ability of cells to detect concentration gradients of 
nutrients or toxins and to respond by moving toward or away from the source (Adler, 
1969, 1976; Berg, 1975; Koshland, 1981). This behavior is the result of changes in the 
ratio of smooth runs to tumbles. When flagella of E coli or S. typhimurium rotate in the 
counterclockwise direction, they associate into a single unit propelling the cell forward. 
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When they rotate in the clockwise direction, they fly apart causing the cell to tumble. When 
the cell does not detect an attractant or repellent, the combination of these activies results in 
a net random movement. However, when the cell detects a change in the concentration of 
attractant or repellent, runs toward the attractant or away from the repellent become longer 
with the net effect of moving the cell toward or away from the source, whichever is 
appropriate. 
The methyl-accepting chemotaxis proteins, MCP's, were the first concentration-
gradient detecting receptors described (Springer et al., 1979). MCP's detect non-PTS 
sugars and certain amino acids. Adler and Epstein (1974) and others (Lengeler, 1975; 
Melton et al., 1978; Niwano and Taylor, 1982) have shown that the PTS Ell's also act as 
chemotactic receptors for their own substrates. These studies revealed a close link between 
chemoreception and transport/phosphorylation of PTS substrates. Mutations resulting in 
the loss of chemotactic response to a single PTS substrate were always accompanied by 
altered activity of the corresponding Ell (Lengeler, 1975; Lengeler et al., 1981; Leonard 
and Saier, 1981; Reiner, 1977; Weng et al., 1992). Also, high affinity for PTS substrates 
was found to correlate with low substrate concentration thresholds for chemotaxis. More 
recently, Grubl et al. (1990) and Lengeler and Vogler (1989) have determined that HPr 
may play a role in coupling chemotaxis and transport/phosphorylation activities of the PTS. 
Stock et al. (1989) have suggested that when HPr transfers its phosphate to Ell, the 
dephosphorylated HPr may then transduce this signal that carbohydrate is available by 
inhibiting tumbling. This may occur through interaction of HPr with one of the Che 
(chemotaxis) proteins, which transmit signals from both MCP's and PTS Ell's to the 
flagella apparatus. 
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These diverse and intricate relationships between the PTS and the cell's overall 
metabolic activity and chemotactic behavior may explain the complex multicomponent 
nature of the PTS. 
MS Distribution and Evolution 
The PTS is found in both Gram positive and Gram negative obligate and facultative 
anaerobes (Saier, 1977; Meadow et al., 1990). Only the fructose PTS has been found in 
some obligate aerobes (Baumann and Baumann, 1975; Sawyer et al., 1977). Under aerobic 
conditions, ATP can be produced from carbohydrates that enter glycolysis followed by the 
Kreb's cycle and the oxidative phosphorylation pathway. Glycolysis yields a net of 2 ATP 
molecules per glucose molecule while the Kreb's cycle and oxidative phosphorylation 
yields 34•36 ATP per molecule of glucose (Stryer, 1988). However, in the absence of 
oxygen, glycolysis is the only source of energy. Since other carbohydrate uptake systems 
require about 1 ATP ( or equivalent) to transport a carbohydrate into the cell (Ames, 1986), 
the net yield in glycolysis of these carbohydrates is reduced to about l ATP per molecule. 
The PTS uses the energy of hydrolysis of one PEP to drive both uptake and 
phosphorylation of one molecule of carbohydrate (Kundig et al., 1964; Kundig and 
Roseman, 1971; Kundig et al., 1971; Postma and Roseman, 1976; Simoni et al., 1973). 
The obligatory coupling of these activities thus saves the cell a net of 1 ATP per molecule 
of carbohydrate. 
Since the PTS is found almost exclusively in obligate and facultative anaerobes, the 
PTS may have arisen under anaerobic conditions (Saier, 1977; Meadow et al., 1990). PEP 
is an intermediate of glycolysis and its role as the phosphate donor to the PTS creates a 
'self•priming' link between glycolysi.s and the JYfS, which is a more efficient source of 
energy under anaerobic condition. This link has been discussed in greater detail in the 
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section on Enzyme I above. The efficiency of the PTS may also explain how it came to play 
a central role in regulating many aspects of the cell's activity from chemotaxis to expression 
and activity of other uptake systems. 
Reiche et al. (1988) described sequence homology between the EIIAMtl in two 
Gram positive species, Staphylococcus aureus and S. carnosus, and the EIIAMtl domain in 
E. coli. Lengeler et al. (Lengeler et al., 1990) compared the primary sequences of two 
Gram positive and four Gram negative sucrose enzymes II and found two thirds sequence 
homology. The sequences around the active site histidine in EI from E.coli and the Gram 
positive Streptococcus faecalis and Streptococcus lactis display a high degree of homology 
(Alpert et al., 1985a,1985b). These examples add to the growing body of evidence that the 
PTS may have arisen and various carbohydrate-specific components may have evolved 
before Gram positive and Gram negative groups diverged from their common ancestor. 
Mannitol Permease of E. coli {EnMtl) 
The E.coli mtlA encoding EIIMtl has been cloned (Lee et al., 1981) and sequenced 
(Lee and Saier, 1983) and the mannitol permease has been purified (Jacobson et al., 1979) 
and extensively characterized. Mannitol permease is stable in detergent and retains its 
phosphorylation activity after purification (Saier and Leonard, 1983; Jacobson et al., 1979, 
1983). PEP-dependent phosphorylation activity can be reconstituted in vitro in the presence 
of the other components of the mannitol PTS; EI, HPr, and PEP (Jacobson et al., 1979). 
For these reasons, the mannitol permease is a useful experimental model for Ell's of the 
PTS in particular and membrane transport proteins in general. Information on the 
structure/function relationships of this protein will contribute to establishing the basic 
concepts of membrane transport mechanisms. 
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A structural model of the E. coli mannitol permease was first developed based on 
hydropathy plots of the predicted amino acid sequence and on proteolysis studies (Lee and 
Saier, 1983; Stephan and Jacobson, 1986a, 1986b) (Figure 1-4). According to these 
studies, the permease, consisting of 63 7 amino acid residues, had two structurally distinct 
domains of approximately equal size. The N-terminal half of the protein consisted of 7 
membrane-spanning alpha helices while the C-terminal half was exposed to the cytoplasm. 
In an effort to confirm the disposition of the predicted membrane-spanning loops, 
Sugiyama et al. (1991) constructed a series of mtlA-'phoA fusions ('phoA is the gene 
encoding alkaline phosphatase without its signal sequence). The activity of alkaline 
phosphatase in the fused protein is related to its proximity to the periplasmic space in the 
fused protein (Manoil and Beckwith, 1986). Cells containing EIIMtLalkaline phosphatase 
hybrids in which alkaline phosphatase was exported to the periplasm were blue when 
grown on agar media containing 5-bromo-4-chloro-3-indolyl phosphate. These studies 
demonstrated that the structural model described by Jacobson and Stephan ( 1989) required 
some modification and suggested that the N-terminal domain spans the membrane 6 times 
(Figure 1-5). Of these membrane-spanning alpha helices, at least two are predicted to be 
highly amphipathic. 
Leonard and Saier (1983) found that EnMtl activity is dependent on enzyme 
concentration. This was the first evidence that an oligomer may be a functionally important 
form of EIIMtl. Further evidence for a mannitol permease dimer was presented by Roosien 
et al. (1986), who used cross-linking reagents, and Pas et al. (1987), who conducted 
radiation inactivation analysis. Roossien and Robillard ( 1984) studied the association states 
of mannitol permease by treating membrane vesicles from cells grown in the presence of 
mannitol with 32PEP, EI and HPr. The membrane proteins were extracted by sodium 
dodecyl sulfate (SDS) at 30°C and analyred by polyacrylamide gel electrophoresis (PAGE). 
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Figure 1-4 Proposed structural model of the Escherichia coli mannitol permease based on 
hydropathy analysis of the deduced amino acid sequence (Jacobson and Stephan, 1989). 
This model predicted that the N-terminal half of the protein consists of seven 
membrane-spanning alpha-helices. Toe C-terminal half of the protein, which contains two 








Figure 1-5 Most recently proposed model of the Escherichia coli mannitol permease 
(Sugiyama et al., 1991). 
mtlA-'phoA fusion analysis suggests that the extreme N-terminus is exposed in the 











Autoradiograms of these gels revealed two bands, 58 and 116 kDa, which approximately 
correspond in size to monomeric and dimeric forms of the mannitol permease. Both of 
these bands disappeared upon the addition of mannitol, but not glucose, to the 
phosphorylated membranes before extraction, indicating that both of the bands visualized in 
the absence of mannitol (58 and 116 kDa) were indeed forms of EnMtl. Bands 
corresponding to these two forms of EnMtl were also observed when [35s]-methionine-
labeled EnMtl was extracted from membranes at 300C (Stephan and Jacobson, 1986b). 
However, when [35s]-methionine-labeled EIIMtl was extracted at 100°C or when extracted 
with Lubrol PX, a nonionic detergent, the dimer disappeared or it was reduced in amount, 
respectively. These results suggested that subunits are held together by hydrophobic rather 
than electrostatic interactions between the membrane-bound domains of neighboring 
molecules. In addition, SOS extraction of the [35s]-methionine-labeled EuMtl yielded a 
higher ratio of dimer to monomer as compared to the [32P]-labeled protein suggesting that 
subunit association and phosphorylation are somehow related. Khandekar and Jacobson 
(1989) found that the monomeric state ofEIIMtl is favored by the presence of mannitol and 
PEP-dependent phosphorylation while P; stabilizes the dimer and stimulates 
phosphotransfer from mannitol-1-P to mannitol. Their studies, which included immunoblot 
analysis and measurement of mannitol phosphorylation activity after column 
chromatography of mMtl in the presence of deoxycholate, identified proteins of molecular 
weights corresponding to monomeric and dimeric conformations of this protein. 
Pas et al. (1988) and Pas and Robillard (1988) tentatively identified 2 residues in 
the cytoplasmic domain of E11Mt1, His-554 and Cys-384, which are phosphorylated by 
32PEP in the presence of EI and HPr. Stephan et al. (1989) examined the possibility of 
intersubunit phosphoryl transfer between these sites as a possible function for subunit 
association. An EnMtl deletion mutant lacking His-554 was combined with wild-type 
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EnMtl in which Cys-384 was inactivated with N-ethylmaleimide (NEM). Each of these 
proteins independently has no activity, but when combined, 30% of wild-type activity was 
restored. It was also shown that NEM-inactivated protein could transfer [32p] covalently to 
the deletion protein, proving that intersubunit transfer of phosphate occurs. White and 
Jacobson (1990) showed that the cytoplasmic domain of EnMtl, when expressed 
independently, could complement a C-terminal deletion mutant in vivo and restore activity. 
Another group used site-specific mutagenesis of His-554 and Cys-384 to show that 
heterodimers complemented one another in vitro (van Weeghel et al., 1991b). Recently, 
Weng et al. (1992) used site-specific mutagenesis of Cys-384 and His-554 to show that 
intermolecular phosphotransfer between these residues in heterodimers can occur in vivo. 
Each mutation was generated separately and subcloned into compatible plasmids with 
selectable markers. Plasmids were transformed into an E. coli strain containing a 
chromosomal deletion in the mM gene. Cells containing plasmids encoding either mutation 
by itself were inactive in mannitol phosphorylation. However when both plasmids were 
transformed into this strain, the cells were capable of phosphorylation and growth on 
mannitol. 
Pas et al. ( 1988) measured one high affinity and one low affinity mannitol binding 
site per dimer of EIIMtl. Until recently, there was no evidence concerning whether the 
dissociation constants measured for these sites indicated two unique sites or the same site in 
two different conformations, e.ach with a distinct affinity for mannitol. In the latter model, 
alternation between such conformations may be regulated by interaction with mannitol or 
phosphorylation of the protein. Lolkema et al. (1992) have recently measured the rate of 
mannitol binding by inside-out (ISO) and right-side-out (RSO) vesicles containing mMtl 
in the absence of P~HPr. Vesicles were first equilibrated with [3H]-mannitol. Using flow 
dialysis (Colowick and Womack, 1969), unlabeled mannitol was added to displace the 
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bound mannitol and the concentration of free [3H]-mannitol was measured with time until 
the system reached equilibration. The results showed that binding to RSO vesicles was too 
fast to measure whereas binding to ISO vesicles was slow enough to measure with this 
system. Kinetics of binding to ISO vesicles indicated two conformational changes. This 
asymmetry of binding kinetics in RSO and ISO vesicles supports a model in which the 
EIJMtl dimer possesses two distinct populations of binding sites, one population facing the 
periplasm and a second population which is recruited to or already facing the cytoplasm. 
This same group (Lolkema et al., 1991) previously examined the mechanistic 
coupling of mannitol transport to mannitol phosphorylation by measuring the fraction of 
mannitol bound to the cytoplasmic facing site that was phosphorylated. Their results show 
that although coupling of these activities at the physiologic steady state appears to be 100%, 
in fact only half of the mannitol molecules in the periplasmic space are transported and 
phosphorylated without first dissociating as free mannitol in the cytoplasm. The other half 
diffuse into the cytoplasm through the P-EIIMtl. Thus, the substrate for phosphorylation at 
the cytoplasmic binding site can come from the periplasm, via translocation, or from the 
cytoplasm. In this model, the latter reaction may be faster because the translocation step is 
eliminated. They suggest that the activity of the membrane-bound EIIC domain (the 
translocator domain) is regulated by the phosphorylation state of the cytoplasmic domain. 
P-EIJMtl appears to catalyze facilitated diffusion of mannitol several orders of magnitude 
faster than does EIIMtl. The kinetic studies (Lolkema et al., 1992) provide evidence for a 
conformational change in EIIMd that causes the mannitol binding sites on the subunits to be 
exposed on opposite sides of the membrane. Since the binding site on each subunit of the 
dimer varies in its binding kinetics depending upon to which side of the membrane it is 
exposed, and since both populations of sites have been detected in the dimer, then the 
subunits of each dimer may be in opposite orientations exposing their respective binding 
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sites to opposite sides of the membrane. Phosphorylation of the cytoplasmic domain 
activates translocation of the substrate so that the mannitol binding sites on each dimer may 
switch sides. In this model, the coordination of these conformational changes may create a 
cooperative effect that lowers the activation energy for the translocation step of both 
subunits (Lolkema et al., 1992). 
Dissertation Goals 
i) To determine structure/function relationships in the N-terminal membrane-bound 
domain of the mannitol permease: 
a) To identify regions and residues of the mannitol binding site(s) 
b) To identify regions required for membrane insertion 
c) To identify regions required for subunit interactions 
ii) To determine if intrasubunit phosphotransfer occurs. 
iii) To localize the extreme N-terminus of the mannitol permease with respect to the 
membrane. 
X-ray crystallography has yielded detailed information on the structures of many 
soluble enzymes. This information has in turn allowed the identification of specific amino 
acid residues involved in substrate binding and catalysis. However, because hydrophobic 
proteins such as membrane proteins are difficult to crystallize, detailed information on the 
molecular structures of these proteins has been difficult to obtain. The photosynthetic 
reaction center of Rhodopseudomonas viridis is one of the few membrane-embedded 
proteins for which an X-ray structure has been determined (Michel et al., 1982). For this 
reason, researchers have relied on a variety of other approaches to conduct 
structure/function analyses of membrane proteins. Some of these approaches, from 
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computer predictions based on the amino acid sequence (Kyte and Doolittle, 1982), to 
chemical modification, protein fusion analyses, and proteolysis studies have yielded some 
information on the general structural themes of some of these proteins. However, in order 
to develop models for membrane transport mechanisms, it is necessary also to determine 
regions or residues in transport proteins that are necessary for their functions. 
As described above, His-554 and Cys-384 of the E. coli EJ1Mtl have been 
identified as phospho-intermediates in the transfer of phosphate from HPr to mannitoL 
Another goal is to identify residues or regions involved in recognition, binding, and 
transport of mannitol. Since the C-terminal domain is exposed to the cytoplasm, the 
membrane bound N-terminal domain most likely contains the residues that comprise the 
mannitol recognition/binding site. Therefore, C-terminal deletion mutants were made and 
assayed for mannitol binding activity. By comparing the smallest deletion mutant that 
retains binding activity to the largest deletion with no detectable binding activity, a region or 
regions comprising the mannitol binding site might be identified. 
After localization of regions necessary for binding activity, residues conserved in 
different mannitol permeases within this region were chosen for site-directed mutagenesis 
in order to determine which, if any, might directly contribute to mannitol recognition and/or 
binding. The amino acid sequences of the mannitol permease from several species have 
been determined. Sequence alignment of mannitol permease from Gram-negative E.coli 
and the EIICB-EIJAMtl pctlr from Gram-positive S. carnosus revealed 55% sequence 
identity (Reiche et al., 1988). Assuming that important residues are conserved between 
Gram-positive and Gram-negative organisms, I chose a limited number of residues to alter 
by site-directed mutagenesis in the region of E. coli EnMtl identified in the deletion 
analyses. 
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Once important residues for mannitol binding are identified, we hope to clarify the 
processes of recognition of and interaction with mannitol in the periplasm, translocation of 
mannitol through the cytoplasmic membrane, phosphotransfer from Cys-384 to mannitol, 
and release of mannitol-1-P into the cytoplasm. 
Attempts to localire the N-terminal residue of mannitol permease with respect to the 
membrane were also carried out. The first structural model, which was based upon 
hydropathy analysis of the deduced amino acid sequence predicted seven membrane 
spanning regions and placed the amino terminal residue in the periplasm (Jacobson and 
Stephan, 1989). However, subsequent analysis of~ fusion proteins indicated that the 
N-terminus may be exposed on either side of the membrane (Sugiyama et al., 1991). An 
additional goal of the following studies was therefore to clarify this aspect of the membrane 
topography of the mannitol permease. 
Chapter 2 
Materials and Methods 
Abbreviation for Buffers and Solutions: 
BSG: 2X: NaCl (293 mM), KH2P04 (4 mM), Na2HP04 (8 mM), 
gelatin (0.02%). 
CaCI:z/fris: lX: 50 mM CaCl2,10 mM Tris pH 8.0 
Exolll: • l0X: NaCl (900 mM), Tris-HCI (600 mM), MgCI2 (60 mM), OTT (100 
mM); pH 8.0 












lX: KOAc (3M), HOAc (2 M) 
2.5X: dATP, dTIP, dGTP, d[a- S]CTP (500µM), ATP (2mM) 
5X: dATP, dTTP, dGTP, dCTP (1 mM), ATP (4 mM) 
lX: NaOH (0.2 N), SOS (1 %) 
lX: NaCl (20 mM), Tris-HO (10 mM), EDTA (1 mM); pH 8.0 
l0X: Mg02 (50 mM), KF (100 mM), OTT (10 mM) 
lOX: Tris-Cl (200 mM), MgC12 (100 mM); pH 7.4 
IX: Tris-acetate (40 mM), EDTA (1 mM); pH 8.0 
lX: Tris-borate (100 mM), EDTA (1 mM); pH 8.0 
IX: Tris-HQ (10 mM), NaCl (0.9%); pH 7.4 
TBS/I'ween: IX: Tris-HCI (10 mM), NaCl (0.9%), Tween20 (0.05%); 
pH 7.4 
TD: IX: Tris-HCI (30 mM), OTT (l mM); pH 7.5 or 8.4 
TE: lX: Tris-HCI (30 mM), EDTA (10 mM); pH 8.0 
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TOE: lX: Tris-HCl (30 mM), DTI (1 mM), EDTA (10 mM); pH 8.0 
TOM: lX: Tris-HCl (50 mM), MgC12 (10 mM), DTT (1 mM); pH 7.5 
Enzyme Buffers: 
DNA Polymerase I (Klenow fragment) 
lX: Tris-HCI (10 mM, pH 8.0), DTI (7.5 mM), MgC12 (5 mM) 
T4 DNA Ligase 
lX: Tris-HCI (50 mM, pH 7.6), MgCl2 (10 mM), ATP (1 mM) 
T4 DNA Polynucleotide Kinase 
lX: Tris-HCl (50 mM, pH 7.6), MgC12 (10 mM), DTT (10 mM) 
Growth Media : 
LB (Luria-Bertani) 
Bacto-tryptone (1 %), yeast extract (0.5%), NaCl (1 %) 
LB Agar 
LB medium, Bacto Agar (1.5%) 
MacC.onkey Agar 
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Bacto Peptone (1.7%), Protease Peptone (0.3%), Bacto Bile Salts (1.5%), NaCl 
(0.5%), Bacto Agar (1.35%), Bacto Neutral Red (0.003%), Bacto Crystal Violet 
(0.0001 %); pH 7.0 
M63 (minima1 medium) 
KH2P04 (100 mM), (NH)2SO4 (0.2% ), MgCI2 (1 mM); pH 7.0 
M63Agar 
M63 minimal medium Bacto Agar ( 1.5 % ) 
SB ( super broth) 
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Bacto-tryptone (1.2%), yeast extract (2.4%), glycerol (0.4%), KH2P04 (17 mM), 
K2HPO4 (72 mM) 
YT(2X) 
Bacto-tryptone (1.6%), yeast extract (1 %), NaCl (0.5%) 
Materials : [35S]-methionine (1,066 Ci/mrnol), D-[14c]-mannitol (45mCi/mmol), D-
[3ff]-mannitol (19.l Ci/mmol) and D-[3frJ-glycerol (40 Ci/mmol) were obtained from 
Dupont-New England Nuclear Co. (Boston, MA). Phenylmethane sulfonylfluoride 
(PMSF) and other reagent grade chemicals were obtained from Sigma Chemical Co. (St. 
Louis, MO). Nell restriction endonuclease was obtained from Amersharn. Other restriction 
endonucleases, T4 DNA ligase, exonuclease Ill, T4 polynucleotide kinase, and DNA 
polymerase I (Klenow fragment) were obtained from New England Biolabs, Inc. (Beverly, 
MA) or American Allied Biochemical, Inc. (Aurora, CO). DNA sequencing reagents were 
obtained from U.S. Biochemical Corp. (Cleveland, Ohio). Reagents for glass bead 
purification of DNA were provided in the 'Gene Clean' kit purchased from Bio 101, Inc. 
(La Jolla, Ca.). Centricon-30 filter units were purchased from Amicon, Inc. (Beverly, 
MA.). 
Bacterial Strains and Plasmids : The bacterial strains and plasmids used in this thesis 
are listed in Table 2-1. 
Deoxyribo-oli&onucleotides : The oligonucleotides used for oligonucleotide-directed 
mutagenesis and DNA sequencing were synthesized on a Milligen 6500 DNA Synthesizer 
by phosphoramidite f3-cyanoethyl chemistry. Syntheses were carried out by Aaron Morris 
and Dean Tolan at the Boston University DNA Synthesizing Facility, Department of 
Biology. Oligonucleotides were deblocked by incubation with 28-30% ammonium 
hydroxide at room temperature for approximately one hour followed by incubation at 55°C 
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Table 2-1: Bacterial Strains and Plasmids 
Strain Relevant References or 
Genotype Sources 
MV1009 minAB, mtl- (Lee et al., 1981) 
(E.coli) 
KL141 F-recA56 thi pyrE41 aq~G6 mtl+ D. Smith 
(E. coli) 
L146-9 F-lacYl ga1T6 xyl-7 thi-1 hisGl (Lengeler, 1975) 
(E.coli) argG6 /l. metBl rpsL104 mt1A2 
gutA50 gatA50 mal± 
LGS322 p- thi= 1 hisG 1 argG6 metB 1 tonA2 lac Y 1 (Grisafi et al., 1989) 
(E.coli) galT6 gatR49 gatA50 gutP, 049 gutA50 
/l.(gutR'MDBAP= recA) /l.(mtlA'p).mtlD+ 
TGl supE hsdM thi!l.(lac-proAB) F'[traD36 (Gibson, 1984) 
(E.coli) proAB+ lacIQ lacZAM15] 
Plasmids and Ml. 
vectors 
M13mpl9-mtlA mtlA+ (Weng et al., 1992) 
pGJ9 cmp. mtlA + (Grisafi, et al. 1989) 
pGJ9-!l.137 pGJ9-/l.mtlA ( from It 
pGJ9-!l.23 various internal It 
pGJ9-!l.20 points through STOP " 
codon) 
pGJ9-MnaBI pGJ9-!l.mtlA (from 
codon 378 through STOP II 
codon) 
pGJ9- MjlIII pGJ9-!l.mtlA (from codon This study 
codon 231 through STOP codon) 
pGJ9-T279A pGJ9 with various codon II 
pGJ9-T283A substitutions It 
pGJ9-T285A It It 
pGJ9-S326A II II 
pGJ9-S330A It II 
pLC15-48 mtlA+ (Lee et al., 1981) 
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for at least five hours. Oligonucleotide solutions were then dried by vacuum desiccation. 
The precipitates were resuspended in TE buffer. The products were analyzed by gel 
electrophoresis on 20% polyacrylamide gels. The yield was quantified by measurement of 
absorbance at 260 nm. 
Methods : 
Plasmid dieestions with restriction endonucleases: 
Restriction digests of plasmid DNA were conducted according to the manufacturer's 
specifications. 
DNA sequence analysis: 
Site-specific mutants were constructed as described later. Mutations were confirmed by 
analysis of the DNA sequence in the single stranded vectors derived from Ml3mpl9-mM 
(see Table 2-1) (Ml3-T279A, Ml3-T283A, Ml3-T285A, M13-S326A, M13-S330A) and 
in the plasmid after subclooing from the Ml3 vector. Plasmid DNA was purified for 
sequencing by CsCl gradient purification as described below. Single stranded DNA was 
obtained for sequencing by the method described below. Sequencing reagents were 
obtained in a kit supplied by U.S. Biochemical. Plasmid DNA was denatured and prepared 
for sequencing by the following method: 
Plasmid DNA, 1-5 µgin 2 N NaOH / 2 mM EDTA in a 20 µl volume, was heated to 65°C 
for 15 min. Primer oligonucleotides, 10-20 pmol, and 2 µ1 of 3M potassium acetate were 
added. The reaction was heated to 65°C for 5 min and cooled slowly to room temperature. 
The template/primer DNA was precipitated by centrifugation for 15 min at 12,000 x g after 
a 1 h to overnight incubation in 100% ethanol on ice. The DNA pellet was washed once 
with 70% ethanol, dried, and resuspended in 5 µ1 1 X Sequenase buffer. Primer 
oligonucleotides were annealed to ss DNA according to the protocol suggested by the. 
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manufacturer. The template DNA was then sequenced also according to the protocol for 
Sequenase Version 2.0 suggested by the manufacturer (United States Biochemical Corp). 
Cell irowth, harvestin&, and preparation of membrane vesicles; 
Membrane vesicles for mannitol binding assays were prepared as follows: LGS322 cells 
containing plasmid pGJ9 encoding each mtlA mutant were grown overnight from a single 
colony (or from a 50% glycerol permanent stock) in 10 ml LB with chloramphenicol (33 
µg/ml). This culture was transferred to 300 ml LB with chloramphenicol (33 µg/ml) and 
mannitol (0.5%) and grown at 37°C to mid-log phase (A550 = 0.6-0.8). PMSF was added 
to the culture ( c.f. = 1 mM), which was then placed on ice for 10 min. Cells were 
harvested by centrifugation at 10,000 x g for 10 min and washed 2 times with 1/3 volume 
of M63 containing 1 mM PMSF. After the final wash, the pellet was resuspended in 1/30 
volume of TD (pH 7.5) and 10 mM PMSF. This preparation was stored in aliquots at 
-700C. 
Preparation of membrane vesicles by French pressure cell lysis: 
Cells were thawed slowly by placing on ice and lysed in a French pressure cell at 10,000 
psi. The lysate was observed at 400 X magnification to monitor the efficiency of lysis. 
Unbroken cells were separated from membrane vesicles by centrifugation at 5,000 x g for 5 
min. Membrane vesicles were then pelleted from the supernatant by centrifugation at 
100,000 x g for 90 min and washed once with an equal volume of TD (pH 8.4), 10 mM 
PMSF. After the final wash, the pellet was resuspended in 0.5 ml TD (pH 8.4), 10 mM 
PMSF. Protein concentrations were determined by the method of Lowry et al. (1951). 
Measurement of mannitol bindina at the low affinity bindina site: 
Determination of binding of radioactive mannitol to membrane vesicles was determined at 
final concentrations of 0.1, 0.5, 1, 5, 10, 20, 50, and 100 µM [3H]-mannitol. Membrane 
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vesicle solutions were diluted to approximately 10 mg of membrane protein/ml. Binding· 
re.actions were prepared as follows: 
Equal volumes of membrane vesicles and [3H]-D-mannitol (15 µleach) were combined 
and incubated for 10 min in a 30°C water bath with shaking. A control incubation was 
carried out in parallel using [3H]-D-glycerol. Glycerol is not recognized as a substrate by 
the mannitol pennease and therefore serves a control for non-specifically bound or trapped 
mannitol. Samples were centrifuged at 12,800 x g for 30 min at 4 °C in an Eppendorf 
microcentrifuge. Both the pellet and supernatant fractions were counted in scintillation fluid 
containing Triton X-100 and the concentrations of mannitol specifically bound and free 
were calculated as shown below for a typical control assay of [3H]-mannitol binding to 
LGS322 membranes (no 4mt1A). Ko values were calculated by least squares analysis of a 
Scat.chard plot of the data (Scatchard, 1949). 
Sample data from measurement of mannitol binding to LGS322 membranes 
< mtlA:) 
f3H)-mannitol bindin&: Total counts per minute (cpm) for a 30 µl reaction containing 
0.1 µM mannitol = 4304 cpm 
specific activity= ( 4304 cpm / 30 µl) X (106 µl / 0. lµmoles) 
= 1.4346 X 109 cpm / µmole 
cpm measured from the membrane fraction = 242 cpm 
[mannitol bound]= 242 cpm X (µmole/ 1.4346 x 109 cpm) 
= 1.6868 X 10-7 µmoles 
(1.6868 x 10-7 µmoles)+ (30 x 10-6 Hters) = 0.0056 µM 
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I3ID-&lycerol bindin& : Total cpm for a 30 µl reaction containing 0.1 µM glycerol = 
4863 cpm 
specific activity= ( 4863 cpm / 30 µl) X (106 µl / 0.1 µmoles) 
= 1.6210 X 109 cpm / µmole 
cpm measured from the membrane fraction = 287 cpm 
[glycerol bound]= 287 cpm X (µmole/ 1.6210 x 109 cpm) 
= (1.7705 x 10-7 µmoles)+ (30 x 10-6 liters)= 0.0059 µM 
[mannitol specifically bound] = [mannitol bound] - [glycerol bound]= 
0.0056 µM - 0.0059µM = nondetectable 
Sample data from measurement of mannitol binding to LGS322/pGJ9 
<mtlA +) membranes 
{3ff]-mannitol bindin1 
total cpm for a 30 µI reaction containing 0.1 µM mannitol = 3802 cpm 
specific activity= 1.2673 X 109 cpm I µmole 
cpm measured from the membrane fraction = 1146 cpm 
[mannitol bound] = 0.0301 µM 
[3HJ-&lycerol bindin& : 
total cpm for a 30 µl reaction containing 0.1 µM glycerol = 4885 cpm 
specific activity= 1.6283 X 109 cpm / µmole 
cpm measured from the membrane fraction = 239 cpm 
[glycerol bound] = 0.0049 µM 
[mannitol specifically bound] = [mannitol bound] - [glycerol bound] = 
0.0301 µM - 0.0049 µM = 0.0252 µM 
Measurement of mannitol bindine at the hieh affinity bindine site: 
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For each binding reaction, the final membrane protein concentration was 750 µg/ml. 
Membranes were incubated in 20 mM Tris-Cl, 5 mM OTT, pH= 7.6, with [3H]-mannitol 
at concentrations of 50, 100, and 200 nM for 20 min at 30°C. Membranes were separated 
from the supernatant fraction by centrifugation at 5,000 x g on a Centricon 30 filter unit 
(Amicon Inc., Beverly, MA.) for 45-60 min at 4°C. The radioactivities of membrane 
fractions and supernatant fractions were measured in scintillation fluid containing Triton X-
100 and the concentrations of mannitol specifically bound and free were calculated. The 
Ko values were calculated as above. 
PEP-dependent mannitol phosphorylation assay: 
Cells containing each plasmid were grown to mid-log phase (A55o= 0.6-0.8) in LB with 
mannitol (1 %) and chloramphenicol (33 µg/ml). Cultures were placed on ice for 10 min. 
One ml of culture was centrifuged at 12,800 x g for 5 min at room temperature. The 
pelleted cells were washed 2 times with M63 by centrifugation at 12,000 x g for 5 min and 
were resuspended in 1 ml M63. Cells were permeabilized by addition of 15 µl toluene, 
vigorous mixing on a vortex mixer for 45 sec and incubation for 20 min in a 37°C water 
bath with shaking. The PEP-dependent mannitol phosphorylation reaction was carried out 
as follows: 
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Permeabilized cells were incubated at 37°C in 25 mM Tris-Cl, 1 X PTS mix, [14C]-
mannitol, and 1 rnM PEP (added last to initiate the reaction). Final concentrations of [ 14c]-
mannitol were 0.5, 1, 5, and 10 µM. 40 µl aliquots were transferred at various times to 
Whatman DE-81 (2.4 cm circular ion-exchange) filters (which trap mannitol-1-phosphate) 
which were immediately washed 3 times with ice-cold dH2O. Control reactions containing 
either no PEP, LGS322 cells without plasmid, or no cells were carried out as well. Filters 
were air-dried overnight and counted for 1 min in toluene-based scintillation fluid. KM and 
V max values were calculated from double-reciprocal plots of the reaction rates ( 1/v on the 
y-axis) vs. the substrate concentrations (1/[s] on the x-axis). 
Mannitol Transport Assay: 
Cells containing plasmid were grown in LB with mannitol (1 %) and chloramphenicol (33 
µg/ml) to mid log phase and placed on ice for 10 min. One milliliter of cells was washed 
twice with an equal volume of TDM buffer followed each time by centrifugation at 12,000 
x g for 5 min at room temperature, removal of the supernatant, and resuspension in 1 ml of 
TDM buffer. [14C]-mannitol was added to the resuspended cells at room temperature to 
final concentrations of 0.5, 1, 5, or 10 µM. Incubations were continued at room 
temperature. 200 µl aliquots were removed at various times and transferred to 2.4 cm HA 
0.45 µm Millipore nitrocellulose filters and washed 3 times with ice-cold M63. A control 
reaction with LGS322 cells without plasmid was included. Filters were air-dried overnight 
and counted for 1 min in toluene-based scintillation fluid. KM and V max values were 
calculated from double reciprocal plots of the uptake rates vs. the substrate concentrations. 
Low temperature SOS-extraction of proteins: 
Proteins were extracted from membrane vesicles in a non-reducing sample buffer of 62.5 
mM Tris-Cl-pH 6.8, 2% SDS, 10% glycerol, and 0.003% bromphenol blue at 30°C for 10. 
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min. Sample buffer was made at three times the working concentration and added to 
membrane vesicles at 1/3 of the final volume. 
Hieh temperature extraction of proteins: 
Proteins were extracted from cells in reducing sample buffer containing 62.5 mM Tris-Cl-
pH 6.8, 2% SOS, 10% glycerol, 5% B-mercaptoethanol, 2.5 mM sodium thiogycolate, 
and 0.003% brornphenol blue at 100°C for 10 min. Sample buffer was made at three times 
the working concentration and added to cells at 1/3 of the final volume. Protein 
concentrations were determined in order that equal amounts of protein from cells 
expressing each mutant protein were analyzed. 
Polyacrylamide 2el electrophoresis of proteins: 
After proteins were extracted from cells or membrane vesicles, samples were analyzed by 
SOS-PAGE (9% acrylamide) by the method of l..aemmli (1970) or SOS-PAGE (8% 
acrylamide) by the method of Weber and Osborn (1969). [35s]-methionine-labeled 
proteins extracted from minicell membrane vesicles were visualized by autoradiography and 
quantified by scanning densitometry (Zeineh Softlaser scanning densitometer, Biomed 
Instruments). 
Western blot analysis: 
Proteins were transferred from SOS-polyacrylamide gels to nitrocellulose sheets by the 
method described by Towbin et al. (1979). A nitrocellulose sheet, blotting paper, and 
sponges were soaked in transfer buffer: 25 mM Tris-Cl-pH 8.3, 192 mM glycine, 1 % 
SOS, and 20% methanol. A Bio-Rad transfer apparatus ( model 3575) was assembled and 
proteins were transferred overnight at 100 mA. Solutions of TBS with 1 % Carnation 
instant milk and TBSffween with 1 % Carnation instant milk were prepared. After transfer, 
the nitrocellulose sheet was soaked in TBS/Tween at 40°C for 30 min then washed twice in 
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TBS/Tween (first wash for 10 min, second wash for 5 min). The nitrocellulose was then 
incubated with 25 µl ofrabbitanti-EnMtl serum (Lee, 1983) in 25 ml TBS/Tween for 1 h 
and washed 5 times in TBS/Tween. Five microliters of goat-anti-rabbit-alkaline 
phosphatase conjugate was added to the final wash of 25 ml TBS/Tween to detect 
EnMtl/rabbit-anti-EIIMtl complex. Incubation was continued for 1 h. The filter was 
washed 4 times with TBS/Tween (5 min per wash) and once with TBS (without Tween). 
Color development was carried out by incubation at room temperature with gentle shaking 
in 60 ml of 100 mM Tris-Cl-pH 7.4, 100 mM NaCl, and 5 mM MgC12 plus 300 µg/ml 
NBT and 150 µg/ml BCIP, pH 9.5. The reaction mixture was covered with foil so that this 
step could proceed in darkness. The color-developing solution was drained and 100 ml of 
20 mM Tris-Cl, 1 mM EDTA, pH 2.9 was added to stop color development. The 
nitrocellulose was incubated in this mixture for 2 min, air-dried, photographed for 
documentation, and wrapped in foil for storage. 
Analysis of r35s]-methionine labeled minicell membrane vesicles: 
Deletion mutant proteins were transformed into E. coli strain MV1009. An overnight 
culture was started in M63 minimal medium containing 50 µg/ml thiamine, threonine, and 
leucine to satisfy requirements for the strain and chloramphenicol (33 µg/ml) to select for 
the plasmid. This culture was transferred to 2 L of LB and chloramphenicol (33 µg/ml) and 
grown 14-17 hat 37°C with shaking. Parental cells were pelleted by centrifugation at 5,000 
x g for 6 min. Mini cells were pelleted from the supernatant by centrifugation at 10,000 x g 
for 10 min. The mini cells were resuspended in 1/500 volume of 1 X BSG and purified by 
centrifugation on 5-40% sucrose gradients. The minicell-containing bands, which run at .the 
interphase between the 5 % and 10% sucrose layers, were removed with a syringe and 
pooled. This solution was slowly diluted with an equal volume of 1 X BSG and 
centrifuged at 10,000 x g for 10 min. Minicells were resuspended in 10 ml LB. After 
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incubation for 45 min at 37°C with shaking, 200 µg/ml penicillin G was added and 
incubation was continued for 1 h to kill any remaining parent cells. Minicells were pelleted 
by centrifugation at 10,000 x g for 10 min and resuspended in 4 ml of 1 X BSG. Minicells 
were again purified by centrifugation on 5-40% sucrose gradients. Bands containing 
minicells were removed with a syringe, slowly diluted with 1 X volume of BSG, washed 
twice in M63, and finally resuspended in 2 ml M63. Plasmid-encoded proteins were 
labeled by expression in the presence of radioactive methionine as follows: 
Minicells were incubated in a 2 ml volume of M63, 1 mM PMSF, 2 µg/ml of 19 amino 
acids excluding methionine, 0.25 mCi/ml [35s]-methionine, 0.5% mannitol, and 1.5 mM 
cAMP for 3 h in a 37°C water bath with shaking. Labeled minicells were pelleted by 
centrifugation at 10,000 x g for 10 min and washed 3 times with an equal volume of TE, 
pH 8.0, and 1 mM PMSF. Purified minicells were stored in the final wash at -70°C until 
minicell membrane vesicles were made by French pressure cell lysis. Minicells were 
thawed, diluted to 10 ml in IDE, and broken by French pressure cell lysis at 15,000 psi. 
Unbroken minicells were pelleted by centrifugation at 5,000 x g for 5 min. Membrane 
vesicles were pelleted from the supernatant by centrifugation at 100,000 x g for 90 min and 
washed a second time in 3 ml IDE. The final membrane pellet was resuspended in 200 -
300µ1 IDE. 
Construction of pGJ9Mfllll deletion and site-specific mutants 
Small scale plasmid DNA preparation: 
Cells were grown overnight in 10 ml LB cultures containing the appropriate antibiotic to 
select for the plasmid Cells were harvested by centrifugation at 12,000 x g for 5 min in an 
I 
Eppendorf microcentrifuge. Pellets were resuspended in a total of 200 µ1 GTE and 
incubated at room temperature for 5 min. Four hundred microliters of NS was added and 
the cells were mixed on a vortex mixer and incubated on ice for 5 min. Three hundred 
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microliters of KOAc was added and the solution was mixed and incubated for 5 min on ice. 
The precipitate was separated by centrifugation at 12,000 x g for 10 min at 4°C. 
Approximately 700 µ1 of the supernatant was transferred to a new tube and an equal 
volume of Tris-saturated phenol was added. After vortexing, the solution was centrifuged 
for 2 min at 12,000 x g at room temperature. The plasmid-containing top layer was 
transferred to a new tube and an equal volume of 100% propanol was added. This mixture 
was incubated at room temperature for 10 min and centrifuged at 12,000 x g for 15 min at 
4°C. The plasmid DNA pellet was washed in 70% ethanol and centrifuged again for 20 min 
at 12,000 x g at 4°C. The final pellet was resuspended in 50 µ1 sterile dH2O and 100 µg/ml 
RNAse A. 
Laree scale plasmid DNA preparation: 
A 250 ml culture of SB containing 33 µg/ml chloramphenicol was inoculated with LGS322 
containing the desired plasmid and grown overnight at 37°C with shaking. The culture was 
placed on ice for 10 min and cells were harvested by centrifugation at 5,000 x g for 5 min. 
Cells were resuspended in 20 ml 50 mM glucose, 25 mM Tris, pH 8.0, and 10 mM EDT A. 
Twice the original volume of NS was added and the solution was mixed and placed on ice 
for 5 min. One volume of KO Ac was added and incubation continued for 15 min on ice. 
Five mililiters of dH20 (1/4 starting volume) was added and the solution was centrifuged at 
5,000 x g for 8 min. The supernatant was transferred to a measuring cylinder by pouring 
through filter paper to remove cellular debris. Six tenths of this volume of 100% 
isopropanol was added and the combined mixture was centrifuged at 5,000 x g for 15 min 
to pellet the DNA. The supernatant was drained and the pellet was resuspended in 10 ml 
0.1 M Tris, pH 8.0, 10 mM EDTA, and 100 µg/ml RNAse A. This mixture was incubated 
at 37°C with shaking for 30 min. Then, 10 µl of Proteinase K (30 mg/ml) was added and 
the solution was incubated for an additional 30 min to degrade the RNAse A. After 
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phenol/chloroform extraction, 4 ml of 5 M ammonium acetate and 20 ml 100% isopropanol 
was added and the mixture was incubated at room temperature for 10 min. DNA was 
pelleted by centrifugation at 10,000 x g for 10 min and resuspended in 3.8 ml 10 mM Tris, 
pH 7.5, and 10 mM EDTA. 4.0 g of CsCl and 0.2 ml of 10 mg/ml ethidium bromide were 
combined with the DNA solution. After swirling to mix, this solution was transferred to a 
VTi 65 ultracentrifuge tube. The tube was filled to the top_ with TE heat-sealed and 
centrifuged at 47,000 rpm for 15-18 hat 20°C. The plasmid band was visualized with a 
long-wave UV lamp and removed with a syringe. The DNA-containing solution was 
transferred to a new tube and diluted to 2 ml with TE. Ethidium bromide was extracted by 
five extractions with water-saturated n-butanol until the bottom phase became clear. The 
volume was adjusted to 5 ml with dH2O. Four hundred microliters of 3 M sodium acetate 
and 10 ml of 100% ethanol were added to precipitate the DNA. The solution was 
centrifuged at 10,000 x g for 10 min and the pellet was washed in 70% ethanol, dried, and 
resuspended in 1 ml TE. 
Sinele-stranded DNA preparation: 
TG 1 cells were grown overnight at 37°C in 10 ml M63 with 1 % glucose and 50 µg/ml 
thiamine. This culture was used to inoculate 50 ml LB. This culture was grown for 4 h at 
37°C with shaking, and then stored for up to one week at 4°C. Five hundred microliters of 
cells were transferred to a sterile tube and 100 µl of phage (Ml3mp19-mtlA containing 
point mutations) were added. This mixture was incubated for 5 min at room temperature, 
transferred to 100 ml LB and grown for 5 hat 37°C with shaking. Two mililiters of culture 
containing putative mutants were saved for extraction of RF DNA by the "small scale 
plasmid DNA preparation" protocol described above. The remaining culture was 
centrifuged at 5,000 x g for 5 min to pellet the cells. The phage-containing supernatant was 
transferred to a new tube. Four grams of polyethylene glycol-8000 and 3 g NaCl were·. 
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added and the solution was stirred for 30 min at room temperature. Phage were pelleted by 
centrifugation at 10,000 x g for 20 min. Supernatant was discarded and the phage pellet 
was resuspended in l ml TE, pH 8.0. This was transferred to an Eppendorf tube and 
protein was removed by two phenol:chloroform ( l: 1) extractions. Each time, the aqueous 
layer was transferred to a new tube. One volume of ethanol: 3M sodium acetate, pH 5.2 
(22: 1) was then added, the sample was vortexed and placed on ice for 1 h to precipitate the 
single stranded DNA. The sample was centrifuged at 12,000 x g for 20 min at 4°C. 
Supernatant was carefully discarded and the ss DNA pellet was dried and resuspended in 
25 µl TE, pH 8.0. 
Transformation of cells with plasmid DNA: 
Cells were grown to A550 = 0.4 - 0.6 in 50 ml LB and placed on ice for 10 min. Cells 
were harvested by centrifugation at 4,000 x g for 5 min and resuspended in 25 ml of 
CaCl2ffris. After a 15 min incubation on ice, cells were pelleted by centrifugation and 
resuspended in 5 ml CaCl2ffris. Aliquots of 200 µl were used for transformation with 
double-stranded DNA. Cells were kept chilled at all times and were used for transformation 
within 24 h. One to two micrograms of double-stranded DNA (1-2 µl of a small scale 
plasmid prep) was mixed with 200 µl of cells and the mixture was incubated on ice. After 
30 min, the reaction was transferred to a 42°C H2O bath for 5 min. One mililiter of 
prewarmed LB (37°C) was added and the cells were incubated at 37°C for 1 h without 
shaking. Aliquots of 100 µ1 were spread onto solid media containing the appropriate 
antibiotics for selection of the plasmid. Transformation with double-stranded M13 DNA 
was performed identically except that 3 ml of LB agar (0.5%) was gently mixed with the 
cells after the 37°C incubation and this mixture was poured onto solid LB agar (1 - 1.5% ). 
Plates were incubated overnight at 37°C. 
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Extraction of phai:e from plagues: 
TG 1 cells were transfected with various dilutions of phage as described above under 
'single-stranded DNA preparation' or transformed with double-stranded M13 DNA by the 
CaCl2 method described above. One hundred microliters of transfected or transformed cells 
were combined with 3 ml of LB agar at 42°C, mixed gently, and poured onto an LB agar 
plate. After 15 - 24 h, plaques became visible. This plate was stored at 4°C. 
A sterile spatula was used to pick a single plaque. The agar was transferred to a sterile tube 
containing 1 ml 2 X YT and incubated at room temperature for 1 h with intermittent shaking 
to allow the phage to diffuse out of the agar. The sample was heated to 65°C for 5 min to 
kill the cells, centrifuged at 12,000 x g for 5 min to pellet the agar and cells, and the phage-
containing supernatant was transferred to a new sterile tube. This phage stock was stored at 
-20°C. 
Analysis of DNA fraements by eel electrophoresis: 
Plasmid DNA and DNA fragments from restriction digests were analyzed on 0.8% agarose 
gels: 0.48 g of Agarose-LE (United States Biochemical Corp.) was combined with either 1 
X TAE or 0.5 X TBE buffer, heated to boiling, swirled, and reboiled. The agarose solution 
was cooled to ~65°C and 3 µ1 of 10 mg/ml ethidium bromide was added. This solution was 
swirled and poured into a gel casting mold with appropriate well combs and solidified by 
cooling to room temperature. Low melting point gels were made with 1.0% LMP agarose 
from Bethesda Research Laboratories (Gaithersburg, MD) in 1 X TAE. Solidified gels 
were transferred to a gel electrophoresis tank filled with the corresponding buffer. 
DNA samples were diluted to 12 µ1 with dH2O and sample buffer (0.4% sucrose and 
0.25% bromphenol blue). This buffer was prepared at 6 X working concentration and 2 µl 
was added to each 10 µ1 DNA sample. Samples were loaded into the gel wells and 
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electrophoresed at 100 V for 1-2 h. Low melting point agarose gels were electrophoresed at 
30 mA. Bands were visualized with a UV transilluminator. 
Extraction of DNA from LMP aearose eels: 
After DNA fragments were isolated by electrophoresis on low melting point agarose gels, 
the bands were visualized with a hand held UV light, cut out with a flame sterilized spatula, 
and transferred to Eppendorf tubes. Agarose was melted at 60°C and incubated at 4 7°C until 
use in ligation reactions. 
Phosphorylation of olieonucleotides: 
Oligonucleotides were phosphorylated for use in the site-specific mutagenesis protocol 
described below. Oligonucleotides were prepared as described above. Orie hundred 
picomoles of oligonucleotides were incubated for 30 min at 37°C with 1 X T4 
polynucleotide kinase buffer, 10 units T4 polynucleotide kinase (both from Amersham), 
and 0.5 mM ATP in 50 µl volume. The reaction was then incubated for 10 min at 70°C to 
inactivate the enzyme. 
Lieation of DNA fraements: 
Fill-in reaction of non-complementary ends 
Noncomplementary 5' termini from restriction digests were made blunt for blunt-end 
ligation by filling in the 3' recessed ends. Five hundred nanograms of linearized DNA was 
incubated with 1 X DNA polymerase buffer, 1 mM DTT, 50 µM dNTP's, and 5 Units of 
DNA polymerase I (Klenow Fragment) in a 50 µl volume for 15 min at 37°C. This was 
followed by incubation at 7ff'C for 10 min to inactivate the enzyme. 
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Ligation reaction 
DNA was digested with appropriate enzymes and fragments were isolated on and excised 
from low melting point agarose gel. As described above, agarose slices were melted at 
60°C and incubated at 4 7°C until the ligation reaction was prepared. Vector and insert were 
combined in a molar ratio of 1:5 in 1 X ligase buffer in a total volume of 10µ1. 10µ1 of a 
ligase cocktail (1 X ligase buffer, 1 mM ATP, 10 units T4 DNA ligase) was added for a 
final volume of 20 µland the mixture was incubated overnight at 16°C. This preparation 
was melted at 60°C and used for transformation by the CaCl2 protocol described above. 
Blunt-end ligation of pGJ9 (after deletion of the AjlIIUXbal fragment described below) 
was carried out by incubating 500 ng (50 µ1) of linearized, blunt-end DNA with 1 X ligase 
buffer, 3 mM ATP, and 800 units T4 DNA ligase. This reaction was incubated overnight at 
16°C. This preparation was used to transform cells made competent by the CaCl2 method 
described above. 
Construction of pG,T9Mfilll deletion mutant: 
• A unique site for the restriction enzyme Ajllll within codon 231 of the mtlA gene was used 
to construct a pGJ9-Mjllll deletion encoding only the first 230 residues of E11Mt1. pGJ9 
was digested with restriction enzymes Afllll and Xbal, which cut within codon 231 and 
approximately 220 bp downstream from the STOP codon, respectively. The large fragment 
( 4.35 kb) was purified by electrophoresis on low melting point agarose, the gel slice 
containing the appropriate fragment was excised, melted at 65°C, and the DNA was 
extracted by two phenol extractions and one chloroform extraction. The noncomplementary 
overhangs of the large fragment were filled in to create blunt ends and ligated as described 
above. 
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Construction of site-specific mutants: 
Oligonucleotide-directed mutagenesis: 
Previously, mt/A was cut from pGJ9 with restriction endonucleases Sall and BamHI and 
subcloned into the bacteriophage M13mp19 in order to allow the generation of single-
stranded copies of the mt/A gene (Weng et al., 1992). E. coli strain TG 1 was transformed 
with this construct. Single stranded M13mp9-mt1A was isolated from these cells. This 
DNA was used as a template for primer-directed site-specific mutagenesis by the method 
described by Taylor and Eckstein (1985). Mutagenic primers were synthesized by the 
laboratory of Dr. Dean Tolan such that the mismatched base in each primer was flanked on 
each side by nine to eleven wild-type bases (Table 2-2). Each primer was phosphorylated 
and 4 pmol was annealed to 5 µg of the single-stranded template in 17 µ1 of 125 mM Tris, 
pH 8.0 and 125 mM NaCl. This mixture was heated to 70°C for 3 min, transferred to 37°C 
for 30 min, and placed on ice. The primer was then extended by incubating in 1 X NMl 
containing 8 mM MgCl2, 6 units DNA polymerase (Klenow Fragment), and 6 units 
T4DNA ligase in a final volume of 50 µ1. NMl contains dA TP, dTTP, dGTP and modified 
dCTP (dCTP[a-S]). After ligation, remaining single stranded DNA was removed by 
adding 250 µ1 of 1 M NaCl and centrifuging through two 0.45 µm nitrocellulose filters at 
500 x g for 10 min. One hundred microliters of 500 mM NaCl was added to the filtrate and 
this was recentrifuged through two new filters. The heteroduplex was precipitated by 
adding 28 µ1 of 3M sodium acetate and 700 µI of ethanol -20°C, placing on ice for 30 min, 
and centrifuging at 12,000 x g for 10 min. The DNA pellet was dried and resuspended in 
25 µI NTE buffer. The wild-type strand of the heteroduplex was nicked by incubation of 
10 µ1 of this preparation in 1 X Rx-8 buffer and 5 units of NcH restriction endonuclease for 
90 min at 37°C (75 µ1 final volume). Neil will cut the wild-type strand at its recognition site 
but will not cut the mutagenic strand which contains the dCTP[ a-SJ. This product was then 
incubated with 1 X ExoIII buffer and 50 units of exonuclease Ill for 15 min at 37°C to 
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Table 2-2: Mutagenic oligonucleotide primers. The mismatched base in each primer is 
underlined. 
Codon change Oligonucleotide 
T279A (ACT to GCT) 5'-GAA CAC GCC AGC CAT ACC GCC-3' 
T283A (ACG toGCG) 5'-GA T AGT CAG CGC GAA CAC GCC-3' 
T285A (ACT to GCT) 5'-GCC CAG GAT AGC CAG CGT GAA-3' 
S326A (TCC toGCC) 5'-AC AAC GAA GGC GAC AGC CAT C-3' 
S330A (TCTTOGCT) 5'-AA AAT AGC AGC GAC AAC GAA G-3' 
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digest the nicked wild-type strand (90µ1 final volume). The reaction was stopped by 
heating to 70°C for 15 min. The strand complementary to the mutagenic strand was 
regenerated by adding 75 µl of this reaction mixture to 5 µl 80 mM MgC12, 20 µl NM2, 3 
units DNA polymerase I, and 2 units T4 DNA ligase. This reaction was incubated for 3 hat 
16°C. Aliquots of this reaction were then used to transform TGl made competent by the 
CaCl2 protocol. Transformants formed plaques after 24 h incubation. Phage were extracted 
from plaques and used to infect TG 1 once more in order to amplify single stranded copies 
of each potential mutant. RF DNA from each culture was also extracted. Single-stranded 
DNA was sequenced as described earlier to confirm the presence of the desired mutation. 
The fragment containing the desired mutation was removed from the corresponding 
RFDNA preparation with restriction endonucleases Sall and SnaBI. This fragment replaced 
the corresponding fragment in the expression vector, pGJ9. After ligation of each mutant 
fragment into pGJ9, each reaction was transformed into E.coli strain LGS322, which has 
a deletion in the chromsomal copy of mtlA. Transformants were grown in the presence of 
chloramphenicol (33 µg/ml) to select the plasmid and plasmid DNA was extracted and 
sequenced to confirm the presence of the desired mutation in the plasmid. 
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CHAPTER 3 
Analvsis of C-Terminal Deletion Mutants 
The mannitol permease of the Escherichia coli phosphoenolpyruvate (PEP)-
dependent phosphotransferase system (PTS) is a 68-kDa membrane-bound protein that is 
required for the simultaneous transport and phosphorylation of D-mannitol. The mannitol 
permease has been purified (Jacobson et al., 1979) and extensively characterized (Robillard 
and Lolkema, 1988; Jacobson and Stephan, 1989). The gene encoding the permease (mtlA) 
has been cloned and sequenced (Lee and Saier, 1983). The hydropathy analysis based 
upon the deduced amino acid sequence of EnMtl suggested that the permease consists of 
two distinct domains of roughly equal size. Subsequent studies showed that the 
hydrophobic N-terminal domain (residues 1-334) is membrane-bound and is involved in 
mannitol binding, whereas the hydrophilic C-terminal domain (residues 335-637) is 
exposed in the cytoplasm and is involved in phosphorylation of the hexitol (Jacobson and 
Stephan, 1989). Both the N-terminal domain (Grisafi et al., 1989) and the C-terminal 
domain (White and Jacobson, 1990; van Weeghel et al., 1991a, 1991c) have been 
independently cloned. The C-terminal domain, when expressed in the absence of the N-
terminal domain, could be phosphorylated by phospho-HPr indicating that this domain can 
apparently fold into a conformation similar to that of the native C-terminal domain of the 
intact mannitol permease. The N-terminal domain is integrally associated with the 
membrane. Both domains are required for the PEP-dependent transport and 
phosphorylation of mannitol across the cytoplasmic membrane (Grisafi et al., 1989; White 
and Jacobson, 1990; van Weeghel et al., 1991a, 1991b, 1991c). 
The most recent model for the mannitol permease suggests that the N-terminal 
domain of the permease spans the cytoplasmic membrane at least six times (Jacobson and 
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Stephan, 1989; Sugiyama et al., 1991) (Figure 3-1). In this model, the orientation of the 
helices and loops with respect to the inside (cytoplasm) and outside (periplasm) of the 
membrane was based upon studies with mannitol permease-alkaline phosphatase fusion 
proteins (Sugiyama et al., 1991). In an ongoing effort to understand structure-function 
relationships of the mannitol permease, this chapter describes the characterization of a 
number of permease derivatives in which various parts of the C-terminal domain have been 
deleted. This has allowed identification of regions important for stability and/or membrane 
insertion of EnMtl, for mannitol binding, and for subunit interactions. 
RESULTS 
Identification of Rei:ions Required for Membrane Insertion/Stability, 
Olieomerization, and Mannitol Bindine 
A series of random C-terminal deletion mutants was previously generated as 
described by Grisafi et al. (1989) (Figure 3-2). pGJ9, a derivative of pACYC184 
containing cat (chloramphenicol acetyl transferase), was digested with ClaI restriction 
endonuclease, which has a single recognition site approximately 120 bp downstream from 
the mtlA STOP codon. Linearized pGJ9 was then incubated with exonuclease III, a 3'-5' 
exonuclease, in order to remove S'-nucleotides from the 3'-hydroxyl ends of the linearized 
DNA. Aliquots were removed at various time points, the reactions were stopped by heat to 
inactivate exonuclease Ill, and S 1 nuclease and Kienow fragment were added to remove the 
5' overhangs and to create blunt ends. DNA was then incubated with T4 ligase to 
recircularize the plasmids and transformed into E.coli strain Ll46-1, which has a point 
mutation in the chromosomal copy of the mtlA gene (See Table 2-1 ). The AfnaBI deletion 
mutant was constructed by digestion of pGJ9 with Clal and SnaBI which removes codons 
378 to the end. SnaBI has a unique restriction site within codon 378. The large fragment 
was purified, treated with DNA polymerase I (Klenow fragment) to generate blunt ends 
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Figure 3-1 Proposed structural model of the mannitol permease. 
The N-terminal portion is shown in both possible orientations since the orientation 
of the N-terminal residue with respect to the membrane has not yet been determined. 
Arrows indicate the residue or region within which the C-terminal deletion lies and the 
restriction enzyme used (if applicable). Numbers in parentheses indicate codon position 
beyond which the rest of mtlA was deleted. The BstEII and SnaBI sites were used by 
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Figure 3-2 Diagram of pGJ9 and the C-terminal deletion groups according to restriction 
analysis. 
B = BstXI. P = PvuII. 
Group I deletions lie between residues 611 and 637, group II, between 520 and 610 and so 
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and with DNA ligase to recircularize the plasmid. This preparation was transformed into 
strain Ll 46-1 as above. I constructed an additional C-terminal deletion mutant, pGJ9-
Mjllll, as described in Chapter 2. This mutant was transformed directly into LGS322, not 
into L146-9. Transformants were selected on MacConkey mannitol chloramphenicol plates. 
Cells capable of utilizing mannitol produce red colonies on these plates whereas mtl- cells 
produce white colonies. Colonies were picked and grown in liquid medium containing 
chloramphenicol to amplify plasmid DNA. Plasmid DNA was extracted and the random 
deletion mutants were sorted into 5 groups (I-V) according to size of the mtlA gene 
remaining as determined by restriction analysis (Figure 3-2). One additional deletion mutant 
was constructed by Sanjay Khandekar. Plasmid pGJ9 was cut with restriction 
endonucleases BstEII and SnaBI, which have unique recognition sites within codons 44 
and 378 of mtlA, respectively. His results are included with those for the above deletion 
proteins for comparison purposes. 
White colonies of Ll 46-1 containing mtlA deletion plasmids began to develop red 
spots in their centers after extended incubation, apparently because of recombination 
between the chromosomal copy of mtlA, which contains a point mutation in this strain, and 
the mtlA sequence in the plasmid Therefore, these deletion plasmids were transformed into 
E. coli LGS322 for further characterization. This strain contains a deletion in the 
chromosomal copy of mtlA (See Table 2-1). Several of the group IV deletion mutant 
proteins (C-terminal deletions up to residues 161 to 392) were chosen for analysis along 
with the A137 deletion, which belongs to group III, and ASnaBI and Mjllll deletion 
proteins for the expression, mannitol binding activity, and oligomerization. 
Sizes and Ouantitation of C-terminal Deletion Proteins in the Membrane 
Deletion proteins were expressed in the presence of [35s]-methionine in E. coli 
minicells (as described in Chapter 2) in order to determine the molecular weights and the 
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relative amounts associated with the cytoplasmic membrane (Figure 3-3). With the 
assumption that CAT (chloramphenicol acetyltransferase) expression is the same on pGJ9 
with or without a deletion in the mtlA gene, the amount of CAT ( ca. 26 kDa) was used as 
an internal standard against which variations in mtlA expression could be measured. Data 
were also normalized with respect to the estimated methionine content of each deletion 
protein based on the amino acid sequence of the wild type protein (Lee and Saier, 1983). 
Table 3-1 summarizes the results of these experiments. 
pGJ9 deletions Al37, A23, and A20 were generated by ligation of pGJ9 randomly 
deleted from the ClaI site into the 3' end of the mtlA gene as described above. The MjlllI 
and ASnaBI deletion proteins were made by ligation of the large fragment obtained after 
digestion of pGJ9 with AflIII and XbaI or SnaBI and ClaI respectively. Therefore, the 
length of each resulting protein was determined by the chance occurrence of a STOP codon 
in the sequence following the ligation site. The molecular weights of these proteins were 
estimated by gel electrophoresis of the [35s]-methionine-labeled proteins (Figure 3-3). 
Restriction mapping of pGJ9-MnaBI and pGJ9-Al37 confirmed that these deletion 
plasmids fell into groups IV and V, respectively (Grisafi, 1989) (see Figure 3-2). 
Restriction analysis of pGJ9-MjlIII, pGJ9-A20, and pGJ9-A23 confirmed that these 
deletion plasmids fell into group IV ( data not shown). The calculated molecular weights of 
the corresponding deletion proteins (A137 = 51 kDa; MnaBI = 34 kDa; A23 = 34 kDa; A20 
= 30 kDa; MjlIII = 27 kDa) fall .within the range predicted for members of each group. 
Truncated proteins lacking part or all of the hydrophilic C-terminal domain (A137, 
MnaBl, A23) were present in amounts at least 50% of that of the wild type. However, 
when the deletion extended into the sixth putative membrane spanning helix of the 
membrane bound domain (the difference between A23, ca. 34 kDa, and A20, ca. 30 kDa), 
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Figure 3-3 Sizes and stability/membrane insertion of the mannitol permease deletion 
mutants. 
[35s]-methionine-labelled minicell membranes were incubated with 100 rnM 
HEPES for 10 min at 30°C, and proteins were then extracted in a non-reducing SOS buffer 
by incubation at 30°C for 10 min and analyzed by SOS-PAGE on an 8% Weber-Osborn gel 
as described in Chapter 2. Gels were dried and autoradiographed, and bands corresponding 
to the proteins were quantified by scanning densitometry (see Table 3-1). The amount of 
CAT was used as a control according to which all data were normalized. 
A) Lane a= pGJ9 (65 kDa); lane b = pGJ9-.1.137 (51 kDa); lane c = pGJ9-820 (30 kDa) 
lane d = pGJ9-MflIII (27 kDa). Molecular masses of the bands were determined by 
standards run in parallel and are indicated in kDa. The 33-kDa bands in a and b are 
break.down products of the main product of the gene ( Grisafi et al., 1989). The product of 
pGJ9Mjllll (27 kDa) is not well resolved from CAT (26 kDa) on this gel. B) Lane a = 
pLC15-48 (65 kDa); lane b = pGJ9-MnaBI (34 kDa). 
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Table 3-1 Determinations of sizes and amounts of deletion mutantsa. 
wild ~137a ~SnaBI ~23 ~20 ~AflIII product 
type of 
pSKtb 
residuesc 0 512 379-637 ca.340 ca.290 231-637 44-378 
deleted -637 -637 -637 
size d 64 51 34 34 30 27 34 
(kDa) 




a: pGJ9~137 has su~sequently been sequenced so that the precise location of the 
STOP codon has been determined (unpublished). 
b: pSKl was made and its molecular weight and expression were measured by Sanjay 
Khandekar (Briggs et al., 1992). 
c: ca indicates the residues deleted based on the calculated molecular weights of the 
truncated proteins. 
d: Molecular weights were calculated from the autoradiogram shown in Figure 3-3 
except for the products of pGJ9-~3 and pSK 1 which were analyzed on separate gels. 
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the amount associated with the cell membrane decreased to about 20% (also see Figure 3-
3). A similar amount of the &VTIII deletion protein, which lacks putative membrane 
spanning helices 5 and 6, also was found in the membrane. This region may contribute to 
the establishment of a conformation required either for efficient insertion into the membrane 
or for the stability of EIIMtl to proteolysis. 
Based upon the nucleotide sequence of the mtlA gene, plasmid pSK 1 should 
encode the first 43 amino acid residues fused to residues 379-637 (the C-terminal domain). 
The molecular weight of the product of pSKl, as determined by SOS-PAGE, is about 34 
kDa, which agrees with the predicted size. This protein was found exclusively in the 
membrane which indicates that the first 43 residues are sufficient for membrane insertion. 
Mannitol Bindin, Activity 
The mannitol permease binds mannitol with high affinity even in its 
unphosphorylated form (Pas et al., 1988). To attempt to localize this binding site, a 
mannitol-binding assay was developed as described in Chapter 2. Membranes derived from 
cells containing pGJ9, pGJ9-MnaBI, or no plasmid were tested in this assay. Mannitol-
binding was measured by using approximately equal amounts of protein from the 
membranes in these assays . 
. Figure 3-4 shows a Scatchard plot of the binding data. The Ko values were 
determined by least-squares analysis of the data (Table 3-2). As shown, membranes from 
the strain harboring pGJ9MnaBI bound mannitol with an affinity (Ko= 0.6 µM) and 
stoichiometry (32 pmoVmg of membrane protein) that were similar to those for membranes 
from cells harboring undeleted pGJ9 (Ko, 1.0 µM; 43 pmol/mg of membrane protein) as 
calculated from the data obtained between 0.1 µM and 1 µM mannitol. No specific binding 
was observed in membranes of strain LGS322 at any mannitol concentration tested (Figure 
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Figure 3-4 Scatchard analysis of mannitol binding to membranes from LGS322 cells 
harboring pGJ9, pGJ9-~23, pGJ9-ASnaBI, or no plasmid. 
Binding measurements were conducted as described in Chapter 2 at 0.1, 0.5, 1, 5, 
10, 20, 50, and 100 µM [3H]-mannitol and at final membrane protein concentrations of 5.2 
mg/ml [LGS322 (pGJ9) membranes], 6.1 mg/ml [LGS322(pGJ9ASnaB/) membranes], 
6.7 mg/ml [LGS322(pGJ9-A23)], and 4.6 mg/ml (LGS322 membranes). Estimations of 
the Ko and stoichiometry for high-affinity mannitol binding (see text and Table 3-2) were 
made from least-squares analysis (lines), using data from the measurements at 0.1, 0.5, 
and 1 µM mannitol: *, LGS322(pGJ9) membranes; + LGS322(pGJ9-ASnaBI) 
membranes; ◊ LGS322(pGJ9-A23). No specific binding was detected at any mannitol 
concentration to membranes from LGS322 alone (X). Each point, except for 
LGS322(pGJ9-A23), is the average of at least three determinations at a single ligand 











Table 3-2 Relative binding activities of arMtl deletion proteinsa. 
wild ~137 ~!!inaBl ~23 ~20 ~AjlIII product 
type of 
pSKtb 
residues 0 512- 379-637 ca.340 ca.290 231-637 44-
deleted 637 -637 -637 378 
size 64 51 34 34 30 27 34 
(kDa) 
[Bound] 0.0165 N.D.C 0.0201 0.0131 -- -- --
at 0.1 (.0039) (0.0024) 
µM 
[Bound] 0.0462 N.D.C 0.0609 0.0301 -- -- --
at 0.5 (0.0074) (0.0120) 
µM 
[Bound] 0.0946 N.D.C 0.1005 0.0798 -- -- --
at 1 µM (0.0350) (0.0045) 
Ko 0.9 N.D.C 0.6 1.6 -- -- --
(uM) 
a: Binding assays were performed as described in Materials and Methods. Binding 
was measured for wild type EnMtl and each deletion protein at mannitol concentrations of 
0.1 µM, 0.5 µM, and 1.0 µM. Data are based on an average of at least 3 measurements for 
each concentration of mannitol except for values for t:\23 which were each measured twice. 
All data are normalized to 5.3 mg/ml membrane protein per reaction. For binding to ~0 
and Mfllll membranes, the membrane protein concentrations used were 3-4 times those 
used for membranes containing wild type protein in order to compensate for the smaller 
amounts of EnMtl derivatives in the membranes from the deletion mutants (see Figure 3-3 
and Table 3-1). Numbers in parentheses are standard deviations. 
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b: Sanjay Khandekar conducted binding assays on membranes containing this 
plasmid, which contains mtlA with codons 44-378 deleted. 
c: Not determined. 
7 1 
3-4). These dissociation constants are somewhat greater than that determined for mannitol 
to a single site per dimer of the purified permease (0.1 µM, Pas et al., 1988) and may 
reflect a difference in affinity for mannitol between the membrane-bound and purified 
permeases. 
Although binding to a lower affinity site (or sites) is also apparent from the data 
(not shown here) (see Pas et al., 1988), the scatter of the data at higher mannitol 
concentrations for membranes from the strains harboring either pGJ9 or pGJ9-MnaBI 
prevented an accurate estimation of either the affinity or the stoichiometry of this binding. 
Nonetheless, it is apparent that most if not all of the amino acid residues constituting this 
mannitol-binding site must be present in the truncated protein from residues 1 to 
approximately 370. 
Several other mannitol permease group IV deletion proteins including the MjllII 
deletion mutant were assayed for mannitol binding activity. Binding activities were 
normalized according to the amount of each deletion protein present in the cell membrane. 
The results in Table 3-2 show that EIJMtl deletion proteins exhibited normal (wild type) 
binding activity until the deletions extended to between residues 290-340 at which point 
mannitol-binding activity was abolished. This region corresponds to the sixth putative 
membrane spanning helix of the membrane bound domain These results not only confirm 
that the mannitol-binding site resides in the N-terminal, membrane-bound domain of EIJMtl 
(Grisafi et al., 1989) but also show that at least the most C-terminal of the putative 
membrane-spanning helices (helix 6) is important for mannitol-binding activity. Moreover, 
mannitol binding activity is abolished in the product of pSKl as expected if the intact 
membrane-bound domain is necessary for mannitol binding. 
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Olieomerization of EnMtl Deletion Proteins 
EnMtl has been proposed to exist as a dimer in the membrane, and oligomerization 
may be important for its activity (Stephan and Jacobson, 1986b; Khandekar and Jacobson, 
1989; Roossien and Robillard, 1984; Roossien et al., 1986; Pas et al., 1987). Therefore, it 
was of interest to determine if any of the deletion derivatives of ErrMtl could form stable 
oligomers. Figure 3-5 shows that the intact mannitol permease is extracted from the 
membrane with SDS at 30° C as both a monomer (65 kDa) and an apparent dimer (121 
kDa) as has been shown previously (Stephan and Jacobson, 1986b; Roossien and 
Robillard, 1984). As the size of the C-terminal domain decreased, E11Mtl was extracted 
from the membrane in decreasing proportion as the apparent dimer. When the deletion 
extended into the region delineated by residue 378 (MnaBI) and residue 511 (~137), the 
subunits associate into an apparent trimer (Figure 3-5 and Table 3-3). Stephan and 
Jacobson (1986a) previously showed that a 34 kDa fragment of [35s]-methionine-labeled 
E11Mtl produced by trypsinolysis also formed an apparent trimer (MW= 99 kDa) but no 
dimer. These results confirm that oligomerization occurs primarily via interactions between 
the N-terminal, membrane-bound domains of the mannitol permease, that the cytoplasmic 
domain is not necessary for this interaction, and that this domain may actually provide 
steric interference to the association of more than two subunits of the intact mannitol 
permease. 
The product of pSK 1 did not form an oligomer even in the presence of inorganic 
phosphate which stabilizes subunit association of the wild type ErrMtl (Stephan and 
Jacobson, 1986b; Khandekar and Jacobson, 1989). Again, these results are consistent with 
the hypothesis that oligomerization occurs via interactions between the membrane-bound 
domains of neighboring EnMtl molecules. 
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Figure 3-5 Autoradiograph comparing the abilities of wild type EIJMtl and various deletion 
derivatives to form oligomers. 
[35s]-methionine-labeled minicell membrane vesicles were prepared as described. 
A Membranes were incubated with 100 mM HEPES for 10 min at 30°C, extracted with 
SDS at 30°C and analyzed by SDS-PAGE as described in Chapter 2. Lane a= pGJ9; lane 
b = pGJ9~137; lane c = pGJ9~0; lane d = pGJ9MjlIII. The monomeric forms of the 
deletion proteins in c and d are not well resolved from the dye front. B Membranes were 
incubated with H20 for 10 min at 30°C, extracted with SDS at 30°C and analyzed by SDS-
PAGE as described in Chapter 2. Lane e = pLClS-48; lane f = pGJ9-MnaBI. 
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Table 3-3 Oligomeric forms of EirMtl after mild SDS extraction from the membranea. 
WIid product 
type Al37 ASnaBI A20 AA/llll of pSKl 
SIZe 64 51 34 jU LI 34 
(kDa) 
monomer + + + + + + 
dimer + + +/- - - -
(apparent) 
trimer - - + + + -
(apparent) 
a: Data from Figure 3-5 except pSK 1, which was determined by S. Khandekar 
(Briggs et al., 1992). '+' indicates a detectable band and '-' indicates no detectable band 
with a mobility corresponding to an oligomer. 
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Discussion 
In this chapter, I have used deletion mutants of mtlA to define regions in the R coli 
mannitol permease that are important for oligomerization, membrane insertion (and/or 
stability), and mannitol binding. The results of these studies are summarized in Figure 3-6. 
Previous work has implicated His-554 and Cys-384 as residues that are phosphorylated, in 
sequence, leading to the transport and phosphorylation of D-mannitol by the permease 
(Robillard and Lolkema, 1988; Jacobson and Stephan, 1989; Grisafi et al., 1989; Pas and 
Robillard, 1988; Mueller et al., 1990; Weng et al., 1992; van Weeghel et al., 1991b). Both 
of these residues lie in a C-terminal, cytosolic domain of the protein (Stephan and 
Jacobson, 1986a). As shown in this study, removal of this domain does not significantly 
affect mannitol binding, but it appears to affect the oligomeruation state of the protein. 
Thus, a deletion protein from which residues 512 to 637 (the C-terminal residue) are 
removed (.6.137) still forms an apparent dimer, but a deletion from which residues 378 to 
637 are removed (ASnaBI.) forms an apparent trimer. Possibly, the region between residues 
378 and 511 can only be accommodated in a dimeric structure, but its removal results in a 
protein that can form higher-order oligomers. Apparent trimers are also formed by deletion 
proteins as small as 290 residues (Mfllm. 
Analysis of the product of a deletion protein lacking residues 44-378 indicates that 
residues 1-43 are sufficient for membrane-insertion. These studies also confirm that the N-
terminal, membrane-bound domain contains the mannitol-binding site and that the region 
within residues 44-232 in this domain is required for oligomerization. 
These results support and extend previous suggestions that oligomerization is 
promoted primarily through interactions between residues in the hydrophobic, 
intramembrane regions of the permease (Roossien and Robillard, 1984; Stephan and. 
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Jacobson, 1986b; Stephan et al., 1989). It should be emphasized, however, that the 
assignments of bands on SOS gels as corresponding to dimers and trimers (Table 3-3 and 
Figure 3-5) is based on apparent sizes and is only tentative. Incomplete unfolding of the 
oligomers in SOS at 30°C may lead to an underestimation of the sizes of these species on 
gels. Regardless, the general conclusions of this study regarding regions important for 
oligomerization would be unaffected by this consideration. 
These studies have also revealed regions of the permease that are important for 
membrane insertion (or stability) and for mannitol binding. Thus, the amount of permease 
protein in the membrane decreases by a factor of approximately 2.5 when residues between 
positions ca. 340 and ca. 290 are removed. This region corresponds to putative 
transmembrane helix number 6 in the current model of the permease (Figure 3-1 ). Removal 
of this region also abolishes the ability of the permease to bind mannitol, even when taking 
into account the reduced stability/membrane insertion of this deletion protein. A deletion 
protein that lacks both putative helices 5 and 6 (MjlIII) has similar properties. It can 
therefore be concluded that the extreme C-terminal portion of the transmembrane domain of 
the mannitol permease is important for stability of the protein and/or its optimal insertion 
into the membrane, as well as for mannitol binding. The results do not distinguish, 
however, whether both of these properties are due to improper overall folding of the 
truncated permeases in the membrane, or reflect more direct _roles for this region of the 
permease in insertion and mannitol binding. 
Chapter 4 
Site-Specific Point Mutaeenesis of 
Intramembrane Residues of the Mannitol Permease 
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X-ray crystallography has been difficult to perform on most membrane proteins due 
to their resistance to crystallization. Structure/function analyses of these proteins has 
therefore often relied upon more indirect approaches. Structural models may be predicted 
based upon hydropathy plots and b-tum probability analyses of the amino acid sequences, 
proteolysis studies, chemical modification by membrane-impermeable reagents, 
immunochemical methods, gene fusion methods, and molecular modeling. Although these 
methods can yield general structural information, they cannot reveal the identities of 
essential residues for catalysis, intramembrane charge-pairing interactions or spatial 
relationships between specific transmembrane regions. 
Quicho and Vyas (1984) resolved the structure of the liganded form of the L-
arabinose binding protein. Threonine-14 7 of this protein participates in a chain of 
interactions with arabinose. H-bonds between Thr-147, two water molecules, Asp-89 and 
Asp-90 of the N-terminal domain and Arg-151 of the C-terminal domain bring these 
domains together to form part of the arabinose binding pocket. The side groups of Asp-90 
and Arg-151 are then held in the appropriate conformation to form hydrogen bonds with 
the substrate. Thr-147 therefore plays a critical role, although indirect, in substrate binding 
by this protein. 
Substitution of isoleucine for Thr-266 in the lac permease diminishes the affinity of 
lactose and increases the affinity of maltose as a substrate (Markgraf, 1985). Although the 
role of threonine in this protein is not critical, it apparently participates in establishing the 
conformation of the substrate binding site. 
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Pflugrath and Quicho (1985 and 1988) used X-ray crystallography to determine the 
atomic interactions between sulfate and the periplasmic sulfate-binding protein (S.B.P.) of 
Salmonella typhimurium. The X-ray structure identified seven hydrogen bonds between 
amino acid residues of S.B.P. and fully-ionized sulfate. According to the X-ray structure, 
the hydroxyl side group of serine 130 hydrogen bonds with Ot of sulfate. Subsequently, 
He and Quicho (1991) conducted site-specific mutagenesis of Ser 130 to Gly, Ala, and 
Cys. All of these mutations resulted in an increased Ko for sulfate. Substitution of Ser 130 
by Cys produced a 3200-fold increase in Ko, the most dramatic change in binding affinity 
of the three substitutions. Although the authors conclude that this change in affinity reflects 
the steric effect of introducing a sulfur into the binding pocket, the substitution of alanine or 
glycine, which have side groups that are smaller than serine and that are incapable of 
hydrogen bonding, significantly reduced the affinity for the substrate. Therefore, the loss 
of only one of several hydrogen bonds between a protein and its ligand may produce 
detectable changes in binding kinetics. In this case, He and Quicho used site-specific 
mutagenesis to confirm an interaction between a specific amino acid and its ligand as 
determined from the X-ray structure. 
When studying the structure/function relationships in proteins that cannot be 
analyzed by X-ray crystallography, another approach to identification of critical residues 
may be taken. Residues with critical roles in structure and function of a given protein are 
likely to be conserved throughout the evolution of organisms expressing the protein. By 
comparing the amino acid sequences for a protein with the same function from different 
organisms, residues with the potential for critical functional roles may thereby be logically 
selected for analysis by site-specific mutagenesis. 
As described above, threonine has been shown to participate in carbohydrate . 
binding in two proteins, the arabinose binding protein and the lactose permease. In 
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addition, the hydroxyl side group of serine 130 in the S. typhimurium S.B.P. hydrogen 
bonds with 01 of fully ionized sulfate. Luecke and Quicho (1990) resolved the X-ray 
structure of the liganded form of the bacterial phosphate-binding protein. This structure 
revealed that serine 38 and aspartate 56 cooperate in forming a hydrogen bond with the 
protonated 04 of dibasic phosphate or the protonated 03 of monobasic phosphate. In the 
case of monobasic phosphate, serine-OH accepts hydrogen from the protonated 03 and 
donates a hydrogen to aspartate 56. All four of these studies confirm that the hydroxyl side 
groups of serine and threonine are capable of participating in recognition and binding of 
substrates through hydrogen bonding. Alternatively, rather than participating in specific 
interactions with a substrate, hydrophilic amino acids such as serine and threonine may 
contribute to maintaining a hydrophilic environment in a transmembrane channel through 
which a hydrophilic substrate enters the cell. 
As previously described in Chapter 3, analysis of the binding affinities of a series 
of mannitol permease C-terminal deletion mutants identified the last two putative 
membrane-spanning regions as being required for mannitol binding. The loss of binding 
activity could be due to the loss of specific residues that participate in mannitol 
recognition/binding or it could reflect a disruption of the native conformation of the protein 
rendering it inactive. In an effort to determine if the loss of binding activity corresponds to 
the loss of residues with specific roles in mannitol binding, I selected several residues in 
these membrane-spanning regions that possess side groups with the theoretical capability of 
hydrogen bonding. These were analyzed by site-specific mutagenesis. Membrane-bound 
EnMtl has been found to have both a high-affinity (Ko= 40 nM) and a lower-affinity (Ko 
= 1 µM) binding site (Lolkema et al., 1990; Grisafi et al., 1989; Briggs et al., J992). 
Mannitol binding studies of the EnMtl point mutants were conducted with mannitol 
concentrations in the range of 50-200 nM in order to detect primarily changes in the affinity 
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of the high-affinity site. 
The mannitol permease from Staphylococcus camosus consists of two nonidentical 
polypeptides, EIICBMtl and EIIAMtl. Alignment of the E. coli EncMtl and the S. 
carnosus ErrcMtl reveals that within the last two putative membrane-spanning regions, 
there are five conserved residues with side groups theoretically capable of forming 
hydrogen bonds. These are serines 326 and 330 in transmembrane region #6 (from the N-
terminus) and threonines 279, 283, and 285 in transmembrane region #5 (Figure 4-1). As 
described above, serine-OH is known to be capable of forming hydrogen-bonds and 
threonine-OH has the same capability. Each of the five residues was changed to alanine 
according to the method described by Taylor et al. (1985) (See Chapter 2). 
RESULTS 
Western Blot Analysis of mutants: 
The products of mtlA, mt1A-T279A, mtlA-T283A, and mt1A-T285A were analyzed 
by Western blot analysis as described in Chapter 2 (Figure 4-2). The calculated molecular 
weights of all three point mutants are 68 kDa, which corresponds to that of the wild type 
permease. The amounts of these products indicate that each mutant is expressed 
comparably to the wild type mannitol permease. 
Mannitol Bindin,:, Transport and Phosphorylation by the Mutant Proteins: 
Mannitol binding at the high affinity site was measured in membrane preparations 
from cells expressing each mutant protein over the concentration range of 50 - 200 nM as 
described in Chapter 2. 
Mannitol transport and PEP-dependent phosphorylation activities were measured at 
mannitol concentrations of 0.5, 1, 5, or 10 µM, and kinetic constants for these activities 
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Figure 4-1 Proposed structural model of the membrane-bound domain of EnMtl. 
According to this model, threonines 279,283, and 285 and serines 326 and 330 are located 













Figure 4-2 Western blot analysis of the products of the 1279A, T283A, and 1285A site-
specific mutants. 
LGS322 containing wild type pGJ9 or pGJ9 with each mutation were prepared as 
described in Chapter 2. Proteins were extracted with SDS under denaturing conditions and 
separated by P.A.G.E. Western Blot analysis was performed as described in Materials and 
Methods. Lane a = pGJ9-T285A, b = pGJ9-T283A, c = pGJ9-T279A, d = pGJ9. 
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were calculated, as described in Chapter 2. 
These activities of the mutant permeases are listed in Table 4-1. None of the 
mutants displayed a significant change in the Ko for mannitol. This indicates that none of 
the selected residues is required for or significantly participate in mannitol binding. 
Moreover, the KM and VMax values for each mutant for both mannitol transport and 
phosphorylation, within the standard deviations for each, overlap with the corresponding 
values for the wild type protein. Therefore, neither the mannitol transport activities nor the 
PEP-dependent mannitol phosphorylation activities are statistically different in the mutants 
from those of the wild type permease. 
Discussion 
This chapter has described the analysis of five amino acid substitutions in the E. 
coli mannitol permease. The target residues were selected by comparing the amino acid 
sequences of EncMtl (membrane-bound domain) from E. coli and S. carnosus. Thr-279, 
Thr-283, Thr-285 and Ser-326 and Ser-330 are conserved hydrophilic residues in the 
primarily hydrophobic EncMtl (membrane-bound domain) of both organisms. If these 
residues are plotted on an alpha-helical wheel projection (Figure 4-3), residues 279 and 283 
and residues 326 and 330 are located on the same sides of their respective predicted helices. 
If the six or seven predicted transmembrane helices are arranged to form a transmembrane 
pore, it is likely that hydrophilic residues in this structure face the pore through which 
hydrophilic molecules enter the cell. The predicted locations of these residues on the same 
sides of their respective helices is consistent with this model. In addition, serine and 
threonine have previously been shown to participate in ligand binding (He and Quicho, 
1991; Luecke and Quicho, 1990; Quicho and Vyas, 1984; Markgraf, 1985). Therefore, 
these residues were considered to be possible candidates for functional analysis by 
substitution. 
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Table 4-1 Mannitol binding, transport, and PEP-dependent phosphorylation activities of the 
site-specific mutantsa. 
LGS322 harboring PEP-dependentb Mannitol TranspoftC Mannitol 
plasmid phosphorylation activity activity binding 
Vmax KM Vmax KM Knd 
pGJ9 0.56 (0.28) 1.5 (0.8) 6.5 (4.1) 2.8 (1.6) 126 (51) 
pGJ9-T279A 0.47 (0.10) 2.1 (1.7) 4.9 (1.7) 2.9 (1.4) 150 (65) 
pGJ9-T283A 0.38 (0.15) 2.1 (1.7) 4.4 (1.3) 2.6 (1. 1) 200 (36) 
pGJ9-T285A 0.40 (0.21) 1.2 (0.8) 6.1 (2.1) 2.8 (2.0) 115 (54) 
pGJ9-S326A 0.41 (0.25) 1.4 (0.6) 4.1 ( 1.6) 2.2 (0.9) 105 (29) 
pGJ9-S330A 0.19 (0.07) 1.2 (0.7) 5. 7 (2.8) 2.1 (1.9) 108 (56) 
a: Values are the mean of at least 3 experiment and numbers in parentheses are the 
standard deviations. 
b: Assays were conducted with whole cells permeabilired with 
toluene. The units of V max are nmoles/min·mg membrane protein. The units of KM are 
µM. 
c: The units of V max are nmoles/min·mg membrane protein and the units of KM are 
µM. 
d: The unit of Ko is nM. 
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Figure 4-3 Alpha-helical wheel projection depicting the positions of residues 279, 283, 













Each residue was substituted with alanine which is incapable of forming an H-bond 
via its side chain. None of the substitutions resulted in measurably impaired activity. If any 
of these residues were to form a hydrogen bond with mannitol via its hydroxyl side group, 
then elimination of one H-bond would theoretically weaken mannitol binding by 3 to 7 
kcal/mol, the ~0° of a H-bond (Stryer, 1988). As previously discussed, X-ray 
crystallography of the S. typhimurium sulfate-binding protein established that the hydroxyl 
side group of serine 130 H-bonds with sulfate (He and Quicho, 1991). Substitution of 
serine 130 with alanine resulted in a change in the ~G of sulfate binding of 2. 7 kcal/mol 
and a 100-fold increase in the Ko. Therefore, the elimination of one H-bond between 
mannitol and EnMtl by substitution of alanine for serine should also produce a detectable 
change in the Ko. However, none of these residues was found to be required for mannitol 
binding, uptake or phosphorylation. However, as discussed below, one or more may play 
a more indirect role in mannitol uptake. 
A transmembrane pore may consist of a bundle of several membrane-spanning 
helices. Since threonines 279 and 283 of putative helix # V are predicted to be located on 
the same side of an a-helix consisting of residues 272 to 291, and serines 326 and 330 of 
putative helix # VI are predicted to be on the same side of an a-helix consisting of residues 
314 to 333, these residues may face the center of a hydrophilic pore through which 
mannitol enters the cell. An indirect role in transport such as this may not be revealed until 
more than one of these residues is substituted at one time. 
If these residues face the center of a transmembrane pore, then substitution of 
residues such as phenylalanine, leucine, isoleucine, tryptophane or glutamine, which have 
bulky side groups, could theoretically block the pore and this effect could be detected by 
lower transport activity. However, altering the size or shape of any residue could disrupt 
the local or overall structure of the protein thereby reducing or abolishing activity. This is 
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one of the limitations of using site-specific mutagenesis as a method for conducting 
functional analysis. 
Recently, mutagenesis of residues in a putative cytoplasmic loop that precedes this 
region has identified residues that appear to play roles in mannitol binding (see Chapter 5). 
These results suggest a more complicated mechanism of substrate binding and translocation 
across the cell membrane than expected. The cytoplasmic loop may function as a mannitol-
specific gate to a hydrophilic pore. 
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Chapter 5 
Conclusions and Perspectives 
The main goal of this dissertation has been to identify the region of the EnMtl that 
contains the mannitol-binding site and to determine the roles, if any, of several conserved 
hydrophilic residues within this region. The deletion mutagenesis studies described in 
Chapter 3 first showed that the N-terminal, membrane-bound half of the protein is 
sufficient for mannitol binding. In addition, these studies suggested that the last two 
putative transmembrane helices constitute a region that participates either directly or 
indirectly in mannitol binding. If this participation were direct, then this region must 
contain residues that specifically interact with mannitol, presumably via hydrogen bonding. 
In Chapter 4, site-directed mutagenesis of five conserved hydrophilic residues in 
the last two putative membrane-spanning regions showed that none of these substitutions 
significantly affected mannitol binding, transport, or phosphorylation. Mutagenesis of 
residues in a putative cytoplasmic loop (residues 185-271), which precedes the last two 
transmembrane regions, has identified several residues that appear to be required for 
mannitol binding, transport and phosphorylation (Figure 5-1). His-195 in the N-proximal 
end of this loop was changed to Ala, Asn, and Arg (Weng et al., 1992). The H195A and 
H195R mutants displayed PEP-dependent phosphorylation and phospho-exchangeactivities 
that were 3-6% those of the wild type protein. The H195N mutant displayed 100% and 
30% of the wild type PEP-dependent and phospho-exchange activities, respectively, which 
shows that a positive charge at this site is not required for activity. Together, these results 
suggest that the hydrogen bonding capability of the side chain of residue 195 rather than 
charge is necessary for activity. Since these three mutant proteins are all still 
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Figu~e 5-1 Proposed structural model of EnMtl membrane-bound, N-terminal region. 
Residues 185 to 273 comprise a putative cytoplasmic loop which precedes the last 
two transmembrane regions. Roman numerals indicate putative transmembrane regions I-
VI. Transmembrane regions IV and VI are hatched to indicate strong amphipathicity. 
Numbers in bold face indicate positions at which substitutions have produced mutants with 
reduced or abolished activity. This putative cytoplasmic loop contains a conserved GIXE 
motif, residues 254-257, that is proposed to play an integral role in mannitol binding, PEP-
dependent phosphorylation or exchange activity. Site-directed mutagenesis of His-195 and 








phosphorylated, this residue may therefore play a role in mannitol binding or mannitol 
phosphorylation. J. Lengeler recently found a KM mutant, E218A, while screening for 
m1Mt1 mutants capable of facilitated diffusion (personal communication). Since Ko is a 
component of KM, this finding suggests the possibility that E218 is involved in mannitol 
binding. Site-directed mutagenesis of Glu-257 to Ala, in the C-proximal part of this loop, 
abolished mannitol binding activity, PEP-dependent phosphorylation and phosph-exchange 
activities (Jacobson and Saraceni-Richards, 1993). Mutation of Gly-253 to Glu abolished 
mannitol transport activity but not phosphorylation (Manayan et al., 1988). Gly-253 
immediately precedes and Glu-257 falls within a GIXE motif which is conserved in several 
Pl'S permeases (Lengeler et al., 1990). Ile-296 of EIIGlc falls within this motif. A mutant 
in which glucose transport and phosphorylation were uncoupled was found to be an 1296N 
substitution (Ruijter et al., 1992). Substitutions at three additional residues in this putative 
loop, Arg-203, Val-206 and Lys-257, uncoupled glucose transport and phosphorylation as 
well. All four of these uncoupled mutants exhibited reduced or nondetectable glucose 
binding activities. Together these results suggest that a putative cytoplasmic loop of EnMtl 
and EnGlc may participate in substrate binding, transport and phosphorylation. The 
evidence that a cytoplasmic loop contains part or all of the mannitol binding site supports a 
model in which this loop serves as a gate or plug in a hydrophilic transmembrane pore. 
Threonines 279, 283, and 285, and serines 326 and 330 are residues conserved in both 
sequenced m1Mtl•s from S. carnosus and E. coli (Fischer, • 1992; Lee, 1983) and are 
located in the last two putative transmembrane regions. These residues may contribute to 
establishing a hydrophilic environment within a transmembrane pore (Figure 5-2). 
However, since the mutagenesis of each of these residues to alanine does not significantly 
alter the activity of the protein, none of these residues plays a critical specific role in 
mannitol binding, transport, or phosphorylation (Chapter 4). 
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Figure 5-2 Proposed functional model for mannitol binding and transport through the 
membrane. 
This diagram depicts a representation of a cross-section of the proposed 
transmembrane pore. Mannitol passes through the membrane and interacts with a 
cytoplasmic loop which serves as a mannitol-specific gate. In this model, threonines 279, 
283, and 285 and serines 326 and 330 line the pore creating a hydrophilic environment 
compatible with a hydrophilic molecule such as mannitol. Hydrophilic residues in the other 
four putative transmembrane helices may play a similar role. Phosphorylation of EnMtl 
subunits at Cys-384 increases the rate of mannitol transport by two to three orders of 
























Since it has been established that the dimer is a functionally important form of the 
EnMtl, and that dimer formation occurs via interactions between the membrane-bound 
domains, it would be of interest to determine if the putative transmembrane helices of each 
subunit contribute to the formation of one mannitol-specific channel or if each subunit of 
the dimer has its own mannitol specific channel. Jacobson and Stephan ( 1989) predicted 
that a transmembrane pore large enough to accomodate a molecule of mannitol ( ca. diameter 
of 8 A) would be comprised of approximately six amphipathic, membrane-spanning 
helices. Transmembrane helices four and six are predicted to be strongly amphipathic 
according to the most recently predicted structural model (Figure 5-1) (Sugiyama et al., 
1991). Although this model suggests that the 24 N-terminal residues are cytoplasmic, 
based upon analysis of the amino acid sequence, this region could form a third amphipathic 
helix. Therefore, a transmembrane pore may be comprised of a bundle of amphipathic 
helices from the subunits of an EnMtl dimer. Conclusive evidence of either case can best 
be provided by X-ray crystallography of the EnMtLmannitol complex. In addition, 
intersubunit phosphotransfer has been demonstrated between heterodimers of mutant 
EnMtl•s in vivo, and efforts to observe intrasubunit phosphotransfer have been 
unsuccessful (also see Appendix). If it is determined that EnMtl dimers do not carry out 
intrasubunit phosphotransfer, then it is possible that one functional role of the dimer may 
be intersubunit phosphotransfer. 
Meanwhile, the continued efforts to identify residues involved in mannitol binding 
by site-specific mutagenesis can contribute to establishing the spatial relationships between 
regions of the permease that comprise the binding site. According to the most recently 
proposed structural model (Sugiyama et al., 1991), there may be approximately 15 
additional polar residues in the proposed transmembrane helices that may be logical targets 
for site-specific mutagenesis. Of these, however, only 6 are highly conserved between E 
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coli EnMtl and the Gram-positive ones and thus would be the best to mutate first (Jacobson 
and Saraceni-Richards, 1993). 
A variation of this approach has contributed to the identification of functionally 
important residues in the ADP/ ATP exchanger in mitochondria. This protein is a member of 
a family of mitochondrial membrane proteins. Analysis of the sequences of the bovine 
ADP/ ATP exchanger and uncoupling protein suggest that these proteins arose as a result of 
gene triplication and fusion of a common ancestor which codes for a protein of about 100 
amino acid residues (Aquila et al., 1985 and 1987; Klingenberg, 1989). Three conserved 
arginines within a putative membrane-spanning region near the matrix side of the 
membrane were changed to isoleucines (Nelson et al., 1993). None of these three arginines 
is conserved in the other members of the mitichondrial membrane protein family which 
suggests that these residues may be involved in ADP/ATP recognition. Yeast require a 
functional ADP/ATP exchanger to be able to grow on a non-fermentable carbon source 
such as glycerol. Each of the three isoleucine substitutions inactivated the protein. These 
negative mutants were then screened for second site revertants by growth on glycerol. 
Fifteen single substitution revertants were selected (Nelson and Douglas, 1993). Fourteen 
of these substitutions were mapped to thirteen different residues at the cytoplasmic side of 
the membrane. The authors believe that the arginine substitutions cause a subtle structural 
change that can only be compensated for by an equally subtle substitution in a functionally 
linked region of the protein. Future studies of the mannitol permease may include this type 
of approach to identification of the mannitol binding site using mutants that do affect 
mannitol binding activity as described above. 
Mutations in the lactose permease, EnGlc, and in EnMtl causing changes in KM 
and substrate specificity, substrate specificity, and binding activity, respectively, have 
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identified residues that appear to comprise substrate binding sites (Brooker, 1990; G. 
Begley, unpublished; Weng et al., 1992; Jacobson and Saraceni-Richards, 1993). The 
generation of substrate specificity, KM, or Ko mutants of EnMtl may be an additional 
approach to identifying residues involved in mannitol binding. Attempts to generate 
substrate specificity mutants are described in the Appendix. 
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Appendix 
Attempts to refine further the structural model of the N-terminal domain, to 
create a substrate-specificity mutant, and to determine if intrasubunit 
phosphotransfer occurs 
In this Chapter, I will discuss experiments that were conducted to address the 
following questions. 
1) What is the localization of the N-terminal methionine with 
respect to the membrane? 
To date, attempts to localize the N-terminal residue of the mannitol permease with 
respect to the membrane have been unsuccessful. The original structural model, which was 
based on hydropathy analysis of the deduced amino acid sequence, predicted seven 
transmembrane regions and placed the N-terminal residue in the periplasm (Lee and Saier, 
1983; Stephan and Jacobson, 1986b; Jacobson and Stephan, 1989). Previously, M. 
Stephan also used an antibody to an N-terminal peptide corresponding to the N-terminus 
attempt to determine its localization. In these experiments, the N-terminus of EnMtl was 
not clearly accessible to this antibody from either side of the membrane (M. Stephan, 
unpublished data). Since knowledge of the number of transmembrane regions is critical to 
developing an accurate structural model, it is of importance to determine where the N-
terminal residue is located. Eckert and Beck ( 1989) developed a method for localization of 
the N-terminal residue of the product of tetA, a membrane-bound protein which confers 
tetracycline resistance in Gram-negative bacteria. This method was based upon the use of 
cyanate for identification ofN-terminal residues by modification (Stark and Smyth, 1963). 
The application of this method to EnMtl is described in this Chapter. 
2) Is it possible to generate substrate specificity mutants of EnMtl 
that will identify residues of the mannitol binding site? 
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I attempted to identify residues that participate in mannitol binding by generating 
mutations that affect substrate specificity. Such mutations could theoretically identify 
regions and even residues involved in substrate binding. These changes may be detected by 
a host cell's acquired capability to grow on a new substrate. This approach was applied to 
the mannitol permease in an attempt to identify residues that comprise the mannitol binding 
site. 
3) Does intrasubunit phosphotransfer occur in vivo? 
Complementation studies and site-directed mutagenesis of EnMtl have shown that 
intersubunit phosphotransfer between His 554 and Cys 384 occurs in EnMtl dimers in 
vivo (van Weeghel et al., 1991b; Stephan et al., 1989; Weng et al., 1992). However, it is 
not known if intersubunit or intrasubunit phosphotransfer or both occur in wild type EIJMtl 
dimers. If it can be demonstrated that intrasubunit phosphotransfer does not occur in vivo, 
then this would support the proposed functional role of the dimer in intersubunit 
phosphotransfer. The SnaBI deletion mutant, described in Chapter 3, lacks both His 554 
and Cys 384. Therefore, heterodimers of the SnaBI deletion protein and the wild type 
protein would be unable to carry out intersubunit phosphotransfer. In this Chapter, I also 
will discuss my attempt to generate and analyze the activity of these heterodimers. 
The results of all of these experiments were inconclusive, but nonetheless are 
included here for reference in the future. 
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Materials and Methods 
Modification by carbamylation and cleavaee of N-terminal residues 
Minicells containing [35s J-methionine-labeled EI1Mtl were prepared as described in 
Chapter 2, resuspended in a final volume of 100 µ1 of buffer ( 10 mM EDTA, 30 mM Tris-
HCl, pH 8.0, 1 mM PMSF) and divided into two aliquots. One aliquot of cells was 
permeabilized with toluene. Both aliquots as well as 10 µCi of [35s]-methionine alone 
were then treated identically as follows: F.ach preparation was incubated in 2 mM EDT A, 1 
µM carbonyl cyanide m-chlorophenylhydrazone (to prevent possible active uptake of 
cyanate), followed by 50 mM potassium cyanate at room temperature for 15 min. This step 
modifies the N-terminal residues by carbamylation. Glycine was then added to a final 
concentration of 100 mM to stop the reaction. Cells were pelleted by centrifugation at 
10,000 x g for 10 min, resuspended in sample buffer (60 mM Tris-HCl, pH 6.8, 4% SDS, 
5% 8-mercaptoethanol, 10% glycerol, 0.05% bromphenol blue) and boiled for 3 min. 
Proteins were separated by SDS-PAGE and localized by autoradiography. The portion of 
the gel containing E11Mtl was cut out, rehydrated in water, and incubated in 30% HCl for 1 
hat 100° C under nitrogen. This step cleaves the cyanate-modified N-terminal residue to its 
corresponding hydantoin derivative. The hydantoin derivatives were then extracted in 
methanol: chloroform (20:80). The organic phase was evaporated and samples were dotted 
onto a silica gel plate for separation by one-dimensional thin layer chromatography in 
methanol:chloroform ( 10:90) solvent. Plates were dried, sprayed with 20% 2,5-
diphenyloxazole in dimethyl sulfoxide, and analyzed by autoradiography for the presence 
of the hydantoin derivative of [35s]-methionine from minicells and permeabilized 
minicells. 
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Generation of substrate specificity mutants by chemical muta2enesis 
E. coli strain LGS322 has a deletion in the chromosomal copy of the mtlA gene 
which encodes EnMtl and in gutD which encodes glucitol-6-P dehydrogenase. This strain 
was transformed with pGJ9 (mtlA, CmpR) and pUCl 18 gutD(AmpR), which carry the 
mtlA and gutD genes, respectively. gutD was previously cloned into pUCl 18 just 
downstream of the b-galactosidase promoter so that expression of gutD is induced by 
IPTG. Transforrnants were selected by growth on plates containing chloramphenicol (33 
µg/ml) and ampicillin (50 µg/ml). Glucitol-6-P dehydrogenase (from cells grown +/-
IPTG) and mannitol-1-P dehydrogenase activities were confirmed as described below and 
compared to those of LGS322/pGJ9 cells. PEP-dependent mannitol phosphorylation was 
also measured as described in Chapter 2. 
Experimental Protocol A) LGS322/pGJ9/pUC118(gutD)cells were grown to A550 = 
0.6-0.8 in LB medium with selective antibiotics (streptomycin - 25 µg/ml, chlorarnphenicol 
- 33 µg/ml, arnpicillin - 40 µg/ml), pelleted by centrifugation at 5,000 x g for 5 min, and 
resuspended in 0.1 the original volume of M63 minimal medium. Cells were incubated 
with 1 % to 10% methanesulfonic acid ethyl ester for a period previously determined to kill 
approximately 80% - 90% of cells. Approximately 6 x 108 cells were plated onto minimal 
M63 plates containing glucitol (1 %), onto MacConkey-glucitol plates, or transferred to 
M63 minimal medium containing glucitol (1 % ) to detect any mutants that had acquired the 
ability to grow on glucitol. All selective media included IPTG and the appropriate 
antibiotics (see Chapter 2 for a description of media). Minimal medium included LGS322 
supplements as described in Chapter 2. 
Experimental Protocol B) LGS322/pGJ9/pUC118 (gutD) cells were grown to A550 = 
0.6 - 0.8 in LB medium with selective antibiotics as above. The medium also contained 
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0.5% N-acetylglucosamine (NAG) to induce expression of the NAG uptake system. Cells 
were pelleted by centrifugation at 6,000 x g for 6 min and resuspended in 1 ml of M63 
medium containing 500 µg/ml streptozotocin (Lengeler, 1979). Streptozotocin, an analog 
of N-acetylglucosamine, is then transported into the cell via the NAG transporter and is 
subsequently broken down to diazomethane. Diazomethane causes mutations in DNA by 
alkylation. After a 20 min incubation (which was previously determined to cause 80% to 
90% cell death), approximately 6 x 108 cells were plated onto minimal M63 plates 
containing glucitol (1 %), onto MacConkey-glucitol plates (1 %), or transferred to M63 
minimal medium containing glucitol ( 1 % ) to detect any that had acquired the ability to grow 
on glucitol. All selective media included IPTG and the appropriate antibiotics (see Chapter 
2 for a description of media). Minimal medium included LGS322 supplements as 
described in Chapter 2. 
Activity assays for 2lucitol-6-P dehydroeenase and mannitol-1-P 
dehydro2enase 
LGS322/pGJ9/pUC118 (gutD) cells were grown to midlog phase in LB selective 
media as described above plus or minus IPTG (80 µM) to induce transcription of gutD. 
LGS322/pGJ9 cells were grown in parallel in selective medium (streptomycin - 25 µg/ml, 
ampicillin - 40 µg/ml) as a control for measurement of glucitol-6-P dehydrogenase activity. 
Cells were harvested and washed twice in 1 volume of M63 _medium containing 1 mM 
PMSF and resuspended in 0.05 volume of 0.1 M Tris-HCl, pH 9.1 and 10 mM PMSF. 
Cells were broken in the French pressure cell and unbroken cells were removed by 
centrifugation at 5,000 x g for 5 min. The supernatants were assayed for protein 
concentration (Lowry et al., 1951). Supernatant was diluted 1:5 in 1 ml of reaction buffer 
(30 mM Tris-HCl, pH 9.1, 1 mM NAD+). Absorbance at 340 nm was set to zero, the 
mixture was allowed to equilibrate at room temperature to allow any sugar-phosphate 
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independent NAD+ reduction, and the absorbance was reset to zero. Ten microliters of 1 
mM glucitol-6-P or mannitol-1-P was added and A340 was measured every 3 seconds for 
2 min. 
Coexpression of the SnaBI deletion protein and wild type EnMtl in E. coli 
E coli strain KL141 (mtlA +, Table 2-1) was transformed by the CaCI2 method 
described in Chapter 2 with pGJ9-~SnaBl which encodes an inactive EnMtl(AfnaBl 
deletion mutant) (Grisafi et al., 1989 and Chapter 3). Strain KL141 has a single 
chromosomal copy of EnMtl. Transformants were grown to midlog phase (A55o= 0.6 -
0.8) in the presence of mannitol ( 1 % ) to induce expression of the chromosome-encoded 
EnMtl and the plasmid-encoded SnaBI deletion protein. Cells were harvested and prepared 
as described in Chapter 2 for analysis of PEP-dependent phosphorylation activity. 
Results 
Localization of the N-terminal residue of ErrMtl by modification, cleavaee, 
and identification of the hydantoin derivative 
Autoradiograms of TLC plates showed that there was no clear difference in 
accessibility of the presumed N-terminal methionine of EIIMtl to chemical modification in 
toluenized minicells or non-toluenized minicells (Figure 6-1 ). If the N-terminal residue is 
exposed on the cytoplasmic side of the membrane, then it would only be accessible to 
modifying agents in toluenized (permeable) cells. If the N-terminal residue is exposed on 
the periplasmic side of the membrane, then it would be accessible to modifying agents in 
cells whether or not they have been made permeable to the agent. This experiment was 
carried out four times. Signals from extracts from the first three experiments were 
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Figure 6-1 Modification and cleavage of the N-terminal [35s]-methionine. 
[35 SJ-methionine labeled minicells were prepared from E. coli strain 
MV 1009/pGJ9 as described (Chapter 2). The cells were divided into two aliquots. One 
aliquot was permeabilized by toluenization and the other was not. Both aliquots were then 
treated identically. Membranes were incubated with KOCN to modify N-terminal residues. 
Proteins were then extracted in reducing sample buffer and isolated by SDS-PAGE. Bands 
corresponding to EnMtl were excised and boiled in HCl in order to cleave modified N-
terminal residues to their respective hydantoin derivatives. "=>" indicates the mobility of the 
hydantoin derivative of methionine as determined by the control (not shown). Hydantoin 
derivatives were then extracted in chloroform:methanol, isolated by TLC and analyzed by 
autoradiography. Lanes a= non-toluenized cells, lane b = toluenized cells. 
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nondetectable even after extended exposures. Expected counts from one [35s]-methionine 
per EIIMtl molecule were calculated and should have been detectable after 24 h exposure. 
The TLC plate from the fourth attempt was exposed for seven days and, as shown in 
Figure 6-1, there is only a weak signal in both lanes. This method relies on the presence of 
an intact N-terminal [35]-methionine. Since the amino acid sequence of EnMtl has been 
deduced from the gene sequence and not yet confirmed by sequencing of the protein itself, 
it is possible that processing of the N-terrninus occurs after translation thus removing most 
of or all of the N-terminal methionines. Alternatively, the N terminus may be blocked. 
Attempts to eenerate substrate specificity mutants 
E coli strain LGS322 has a deletion in the glucitol operon. This deletion removed 
~ and gyill which encode EnGtl and glucitol-6-P dehydrogenase, respectively. 
Glucitol-6-P dehydrogenase activity was reintroduced into LGS322/pGJ9 by 
transformation with pUC 118&.l,lt.I! and growth of the resultant strain, 
LGS322/pGJ9/pUC118gyfil, with IPTG. Cells grown without IPTG and LGS/pGJ9 cells 
had no detectable glucitol-6-P dehydrogenase activity (not shown). Therefore, it should be 
possible to select for mutations in the mannitol permease that allow this strain to accept 
glucitol as a substrate. These cells would then be capable of growing on glucitol, unlike the 
parent. Samples of midlog phase cells were incubated with concentrations of methane 
sulfontc acid ethyl ester or streptozotocin (after preincubation with NAG) for times 
previously found to cause approximately 80% cell death. Then, cells were spread onto 
MacConkey-glucitol plates, onto M63 minimal plates containing glucitol, or were used to 
inoculate M63 liquid minimal medium containing glucitol. All plates and cultures contained 
IPTG and selective antibiotics for both plasmids and the LGS322 strain. Control cells grew 
on M63-mannitol plates and in M63-mannitol liquid cultures and produced red colonies on 
MacConkey mannitol indicator plates (all containing the same additives as above). Each 
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experiment was conducted at least three times. However, no cells acquired the ability to 
grow on glucitol or to produce red colonies on MacConkey glucitol indicator plates. 
Analysis of mannitol permease activity in KL141/pG.l9-~SnaBI cells 
E.coli strain KLl 41 has an intact chromosomal copy of mtlA which encodes 
EnMtl. This strain therefore exhibits wild type EnMtl activity. pGJ9-MnaBI encodes a C-
terminal deletion mutant of EnMtl which lacks both phosphorylation sites His-554 and 
Cys-384 and is inactive (Chapter 3). It has previously been well established that EnMtl 
associates into dimers (Roossien and Robillard, 1984; Stephan and Jacobson, 1986a, 
1986b; Pas et al., 1987; Khandekar and Jacobson, 1989) and that this association results 
from interactions between the N-terminal, membrane-bound domains of neighboring 
molecules (Chapter 3). Thus, it should be possible to generate heterodimers of the wild 
type and deletion proteins by expressing the wild type protein and the deletion mutant in the 
same cell. If intersubunit phosphotransfer is required for activity, then 
EnMtlfE11Mtl.1.5naBI heterodimers would be inactive (negative dominance). As shown in 
Table 6-1, KL141 and KL141/pGJ9-MnaBI cells displayed comparable PEP-dependent 
mannitol phosphorylation activity. 
Discussion 
Previous studies have predicted that the N-terminal half of EnMtl is comprised of 
several transmembrane helices and the C-terminal half is exposed in the cytoplasm (Lee and 
Saier, 1983; Stephan and Jacobson, 1986a; Jacobson and Stephan, 1989; Sugiyama et al., 
1991). As described in Chapter 3, S. Khandekar constructed a mannitol permease deletion 
mutant lacking residues 44-378. This protein is detected exclusively in the membranes of 
cells expressing this deletion protein. Since the entire N-terminal domain, except residues 
1-44, is deleted from this protein, the first 44 residues appear to contain the membrane-
insertion signal sequence. This region contains at least one transmembrane region as 
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Table 6-1 PEP-dependent mannitol phosphorylation activities of KL 141 and KL l 4 l/pGJ9-
MnaBI 
KL141 KL141/pGJ9-MnaBI 
V (nmoles/min·mg 5.6 5.0 
membrane protein) 
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predicted by the mtlA-'phoA fusion analysis (Sugiyama et al., 1991). However, signals 
were either nondetectable or, as seen in Figure 6-1, there were only weak signals 
corresponding to the hydantoin derivative of [35s]-methionine from both toluenized and 
non-toluenized everted membrane vesicles. It is possible that the N-terminus may be 
cleaved or in some other way modified. This would explain why methods employed to date 
have not detected the extreme N-terminal region of EIJMtl on either side of the membrane. 
Alternatively, the extreme N-terminal residues may be embedded in the membrane. 
Substrate-specificity is conferred by the residues that comprise the 3-dimensional 
substrate binding site of a protein. Therefore, changes in substrate specificity should reflect 
changes in the size or shape of the binding site or in residues that specifically interact with 
the substrate. Recently, substrate-specificity mutants of the lactose permease have been 
identified (Collins et al., 1989; Franco and Brooker, 1991). These mutants had enhanced 
recognition of maltose, and a-glucosides, and diminished recognition of cellobiose, a b-
glucoside. A substrate specificity mutant of EIJGlc has recently been identified by Gail 
Begley in our laboratory (unpublished). This mutant will recognize mannitol as a substrate. 
However, the attempts described in this section to generate a substrate-specificity mutant of 
EIJMtl have been unsuccessful. In Chapter 3, a Ko of 1 µM was measured for wild type 
EnMtl. Pas et al. (1988) detected two mannitol binding sites per EIJMtl dimer, one with a 
Ko of - 0.1 µM and a second with a Ko of -1 µM. Subsequently, a Ko of 40 nM has 
been measured for mannitol binding (1.olkema et al., 1990) and in Chapter 4, a Ko of-0.1 
µM was measured These low dissociation constants represent a relatively high affinity for 
the substrate as compared to many other membrane transporters. Therefore, the mannitol-
binding site may have a highly specific 3-0 conformation that cannot be changed by a 
single mutation to easily accommodate any other molecule. The method of mutagenesis 
described in this Chapter appears to be an ineffective approach to generating subtle changes 
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in this conformation that may be detected as changes in substrate specificity, at least using 
this selection. Other mutagens or other selection strategies may be used in this method in 
the future. For instance, since the mannitol binding site of wild type EnMtl may be highly 
specific for mannitol and therefore not easily modified to accommodate another 
carbohydrate, one might use a Ko mutant, such as H195N or G218A (Weng et al., 1992), 
to generate substrate specificity mutants. Alternatively, site-directed mutagenesis of other 
conserved residues in the N-terminal domain may be a more fruitful approach to identifying 
residues that participate in mannitol binding. 
Plasmid pGJ9-MnaBI encodes a C-terminal deletion mutant of EnMtl which lacks 
His-554 and Cys-384. pGJ9-AfnaBI was transformed into R coli strain KL141 (Table 2-
1) which contains a single chromosomal copy of wild type mtlA. This plasmid has a high 
copy number and therefore overexpresses the proteins it encodes by about 5-fold compared 
to a single chromosomal copy (G. Jacobson, unpublished). If heterodimers of the wild 
type and the C-terminal deletion proteins form in these cells and are unable to carry out 
intrasubunit phosphotransfer, this might be detected by reduced EnMtl activity in these 
cells (negative dominance). The SnaBI deletion protein exhibits mannitol binding activity 
comparable to the wild type but is unable to carry out transport, phosphorylation, or 
phospho-exchange (Grisafi et al., 1989 and Chapter 3). Therefore, the heterodimer would 
theoretically be deficient only in its capacity to undergo intersubunit phosphotransfer. 
KL141/pGJ9-AfnaBI cells displayed nearly wild-type PEP-dependent mannitol 
phosphorylation activity. Thus, the heterodimer may carry out intrasubunit 
phosphotransfer. However, EJJMtl monomer has previously been shown to display 25% 
of wild type activity (Lolkema and Robillard, 1990). Assuming that this decrease of activity 
is due only to the dependence on intrasubunit phosphotransfer, then if the wild type subunit 
of the heterodimer is able to carry out intrasubunit phosphotransfer as the monomer· 
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apparently can, we would expect the heterodimer to have comparable activity to the 
monomer. Therefore, heterodimers should exhibit a detectable decrease (by -75%) of 
activity compared to wild-type homodimers, which was not observed. Alternatively, since 
some deletions, including the AfnaBI deletion protein, have been shown to form higher-
order oligomers (Chapter 3), presumably due to the removal of steric hindrance by the C-
terminal domain, the SnaBI deletion protein may be able to stably associate with a wild type 
dimer to form a trimer without inhibiting PEP-dependent activity. Another possibility is that 
the SnaBI deletion proteins may preferentially associate with one another in a trimer. A 
more successful approach to answering this question may be to construct a pGJ9-C384A, 
H554A double mutant which would be more structurally equivalent to wild type EIJMtl and 
which may therefore oligomerize normally with the wild type monomers. 
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